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At low temperatures, glide twinning activates in HCP structures easier than
non-close packed slip necessary to accommodate strain along the c-axis. In contrast
to slip, twinning occurs as an accumulation of successive stacking faults that properly
report reconstruction of the stacking sequence in a new crystal-reorientated lenticular
lamella. These faults are spread by partial dislocations known as twinning dislocations,
forcing atoms to switch positions by shear into new crystal planes. As the twinning
dislocations thread the faults, the new crystal lamella grows at the expense of the
parent. Grain texture changes upon strain, and a strong non-linear trend marks the
strain hardening rate. The strain hardening rate changes to a point where it switches
sign upon strain. Since activation of these twinning dislocations obey Schmid’s law,
twinning could be precluded or exhaustively promoted in sharp textures upon slight
changes in loading orientations, so strong anisotropy arises. Moreover, a twinning

shear can only reproduce the stacking sequence in one direction, unless the twin mode
changes or the c/a ratio crosses a certain ratio. When a twin mode arises with reversed
sign, the reorientation is different and more importantly, the strength is different
and also the growth rate. Therefore, in addition to strain anisotropy, twin polarity
induces a strong asymmetry in textured HCP structures, e.g. wrought HCP metals. This
anisotropy/asymmetry is still a barrier to the great economic gain expected from the
industrialization of low density, high speciﬁc strength and stiffness, HCP Magnesium.
This barrier has stimulated efforts to identify the missing links in current scientiﬁc
knowledge to proper prediction of Magnesium anisotropy. The effect of twinninginduced texture change on the mechanical response is of a major concern. Mesoscale
modelers still struggle, without success to predict simultaneously twinning and strain
hardening rates upon arbitrary loading directions. We propose a new mechanism that
relies on admitting dislocation populations of the twin by dislocations transmuted from
the parent when they intersect twinning disconnections. These dislocations interact
with original dislocations created in the twin to cause hardening able to faithfully
capture anisotropy upon any loading orientation and any initial texture.

Key words: crystal plasticity, deformation twinning, magnesium, texture, ebsd
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CHAPTER 1
INTRODUCTION

1.1

Summary
The goal of this thesis is to develop a mesoscale model capable of simultaneously

predicting the stress-strain behavior, twin volume fraction evolution, and texture
evolution in hexagonal close packed (HCP) metals that can profusely twin. The research
objectives of this thesis are to expand and assess with numerical and experimental
investigations an existing mesoscale dislocation-based model [Beyerlein and Tomé,
2008] that captures (i) hardening by dislocation transmutation upon their incorporation
in the twinned regions, (ii) twin accommodation effects, and (iii) dislocation-dislocation
latent hardening. The theoretical expansion in each of these three research objectives
will be achieved through researching a set of mathematical equations in ascending
capabilities based on the physics and appropriate kinematics/kinetics gaging the effects
of energetics and driving forces acting on the evolving topology of dislocations and twin
disconnections. The success measure of the theories will be based upon validation and
assessment by consecutive numerical and experimental investigations. The numerical
investigations will consist of modiﬁcations to the hardening models in the Visco-Plastic
Self-Consistent VPSC code originally developed by Lebensohn and Tomé [1993]. The
VPSC framework provides a robust stress estimation scheme in the grains using the
1

self-consistent method based on Eshelby’s inclusion theory [Eshelby, 1957]. Second,
using pure magnesium and an extruded AM30-graded magnesium as testbeds for the
theories, the code will simulate the stress-strain behaviors, intermediate textures, and
volume fraction of twins under various loading orientations. The simulation results will
be evaluated by experimental results obtained through mechanical testing under simple
compression, macrotexture analyses through Neutron Diffraction and X-Ray diffraction
(XRD), and microtexture analyses through Electron Backscatter Diffraction (EBSD).
The existing dislocation-based model shows an exciting long-term prospect since the
formulation allows the underlying physics of hardening to be mathematically captured
if the effects of stress, texture, strain rate, prestrain and temperature on dislocation
nature and topology are understood at the atomic and microscopic scale levels.

1.2

Intellectual Merit
This project will enable the science of polycrystal plasticity to give for the

ﬁrst time a physics-based rationalization of the increasing strain hardening rate of
Regime II [El Kadiri and Oppedal, 2010] encountered only under profuse twinning.
Regime II was indeed satisfactorily predicted in previous literature, with a noticeable
offset from either or both of the observed intermediate twin volume fractions and
intermediate textures, and sometimes from the location and amplitude of the inﬂection
point separating Regime II and Regime III (e.g. Proust et al. [2009]). Regime II is
viewed and researched in this project as to be primarily underlain by the high magnitude
of slip-slip latent hardening in the twin upon transmutation of incorporated dislocations.
2

Even in materials where twinning is not preceded by substantial easy slip, the twin
accommodation effects in polycrystals is expected in this project to generate enough slip
dislocations for the transmutation to be effective at the early stages of Regime II. This
project will make a substantial push in the science of multiscale modeling approaches
that have a tremendous difﬁculty to encompass HCP structures.

1.3

Broader Impacts
The automotive and aircraft industries will be the primary beneﬁciary of this

project. As lightweighting vehicles became one of the main concerns of the nation under
the constraints of foreign oil dependence, magnesium and titanium are researched
to be massively integrated in large mechanical structures. This project will enable to
overcome the economical barriers against their integration in automotive and aircraft
structures.

1.4

Background
Magnesium alloys have attractive properties in applications that favor lower

weight [Mordike and Ebert, 2001], [Roberts, 1960]. However, magnesium alloys
exhibit an HCP (hexagonal close packed) crystalline structure that leads to low ductility
and strong anisotropy compared to other FCC (face centered cubic) and BCC (body
centered cubic) metals. In fact, magnesium can undergo profuse recrystallization
twinning and glide twinning during their manufacturing and performance which leads
to a marked anisotropy. Figure 1.2 illustrates this anisotropy in a rolled polycrystal pure
3

Figure 1.1

DOE-USCAR Front End Magnesium Project.
Potential magnesium front-end components that will be redesigned for the
DOE-USCAR Front End Magnesium Project. [USAMP AMD 604, 2006]

magnesium sheet when loaded along the ND (normal direction - the parabolic σ − ε
curve) and along the RD (rolling direction - the “sigmoidal” σ − ε curve). Particularly,
recrystallization and glide twinning induce a substantial development of sharp textures,
which is problematic against meeting design speciﬁcations at acceptable manufacturing
rates. For performance, glide twinning promotes faster propagation of fatigue cracks
under cyclic loading. This project will enable the industry to reliably improve the
controllability of the manufacturing conditions, which is essential to cost-effectively
improving the durability of lightweight materials. If the ductility and anisotropy could
be controlled, magnesium alloys could be developed and formed to ﬁll an increasing
market as lighter weight, more fuel efﬁcient vehicles become important. Figure 1.1
shows potential front-end components for magnesium research under the umbrella of
the DOE-USCAR Front-End Magnesium Project.
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Figure 1.2

Magnesium mechanical anisotropy.
Polycrystalline pure textured Magnesium stress-strain plot shows
anisotropic behavior. Rolled sheet material, in-plane direction shows
a “parabolic” curve for tension, “sigmoidal” for tension. The “sigmoidal”
shape is caused by deformation twinning. [Reed-Hill, 1973]

In order for magnesium to be used in a ubiquitous design mode, the notion
of the structure-property relations is key. In the context of this research, the focus
will be mechanisms of strain hardening by glide twinning. In particular, a crystal
plasticity model that comprehensively captures the effect of twinning will be researched
and validated. Experiments from the literature and performed in this effort will be
performed to provide information regarding the evolution of twins for pure magnesium.

1.5

Dissertation Structure
Chapter I describes the motivation for the dissertation and introduces the

concepts of the thesis. Chapter II describes in detail the fundamental details of twinning,
strain path anisotropy, a background to the implementation of twinning into mesoscale
5

crystal plasticity modeling, and the proposed mechanisms that cause anisotropy in
magnesium, and a proposed method to implement the dislocation transmutation
and twin accommodation mechanisms in the existing VPSC model. Chapter III is an
application of this dislocation transmutation concept to basal textured pure magnesium
comparing VPSC simulations to experimental behavior and macro- and micro texture
analysis. Chapter IV is an application to a rod textured, extruded AM30 Magnesium
comparing simulations from VPSC using two different hardening rules and mechanical
behavior of samples with four different loading paths. Chapter V is a summary of the
work and recommendations for future work.
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CHAPTER 2
A CRYSTAL PLASTICITY THEORY FOR LATENT HARDENING BY GLIDE
TWINNING THROUGH DISLOCATION TRANSMUTATION AND TWIN
ACCOMMODATION EFFECTS

2.1

Summary
Imagine a residual glide twin interface advancing in a grain under the action of

a monotonic stress. Close to the grain boundary, the shape change caused by the twin is
partly accommodated by kinks and partly by slip emissions in the parent; the process is
known as accommodation effects. When reached by the twin interface, slip dislocations
in the parent undergo twinning shear. The twinning shear extracts from the parent
dislocation a twinning disconnection, and thereby releases a transmuted dislocation
in the twin. Transmutation populates the twin with dislocations of diverse modes. If
the twin deforms by double twinning, double-transmutation occurs even if the twin
retwins by the same mode or detwins by a stress reversal. If the twin deforms only
by slip, transmutation is single. Whether single or double, dislocation transmutation
is irreversible. The multiplicity of dislocation modes increases upon strain, since the
twin ﬁnds more dislocations to transmute upon further slip of the parent and further
growth of the twin. Thus, the process induces an increasing latent hardening rate in
the twin. Under profuse twinning conditions, typical of double-lattice structures, this
7

rate-increasing latent hardening combined with crystal rotation to hard orientations by
twinning is consistent with a regime of increasing hardening rate, known as Regime II or
Regime B. In this chapter, we formulate governing equation of the above transmutation
and accommodation effects in a crystal plasticity framework. We use the dislocation
density based model originally proposed by Beyerlein and Tomé [2008] to derive the
effect of latent hardening in a transmuting twin. The theory is expected to contribute
to surmounting the difﬁculty that current models have to simultaneously predict under
profuse twinning, the stress-strain curves, intermediate deformation textures, and
intermediate twin volume fractions.

2.2

Introduction
In hexagonal metallic double-lattice structures, the possible slip modes accom-

modating deformation along the c-axis require the creation and glide of dislocations
with large Burgers vector on planes atomically rough leaving high-energy stacking
faults. For instance, a perfect 〈c + a〉 dislocation lying on a pyramidal plane may
require 12 atomic bonds to break, compared to only ﬁve needed to break for the
nucleation of a glissile dislocation lying on a close packed basal plane [Rosenbaum,
1964]. Glide twinning thus occurs as an easier homogeneous simple shear to mediate
c-axis deformation. The twin can easily form and grow from glide activities of liberated
partial twinning dislocations that spread a stable twin fault. In double-lattice structures,
the shear is mostly accompanied by necessary atomic shufﬂes.1 Atomic shufﬂes do
1

{112̄1} are the only twins in metallic HCP structures not requiring atomic shufﬂes.
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not induce deformation, but cost energy. The mechanisms underlying production of
twinning dislocations and atomic shufﬂes during the nucleation and growth regimes
are still not well understood with the rigor needed to capture them in a numerical
crystal plasticity model.2
Glide twinning (a kind of deformation twinning) exhibits the dual macroscopic
complication over slip of being polar and discontinuously reorienting a region of the
parent grain. The polarity brings about the necessity of at least two frequent twin
modes to accommodate both tension and compression. The {101̄2} twins in metals
such as Mg, Ti, Zr and Be can present a relatively low characteristic shear and simple
atomic shufﬂe mechanisms, making them the most frequent twins in these metals. They
are tensile twins3 for most commercialized4 HCP metals, as the shear reversal from
tensile to compressive for these twins operates at c/a ratio equal to



3. In fact, apart

from Zn and Cd, the rest of most of the other commercialized HCP metals such as
Ti, Re, Be, Zr and Mg have a c/a ratio falling in a narrow subgroup band just below
the perfect



8/3 ratio. Although {101̄3} twins offer a low characteristic shear for

tension in this band, they are usually associated with double-twinning by {101̄2}, so
propagation is rendered difﬁcult. On the other hand, the most frequent twins offering
compression in this c/a band are {101̄1} and {112̄2}. The ﬁrst is, however, usually
affected by double-twinning with {101̄2}, while the second has a higher characteristic
2

The problems of twin nucleation and twin growth are, however, beyond the scope of this work.

3

Tensile or compressive refer to the sign of deformation with respect to the c-axis.

4

Apart from Helium, there is a total of 22 discovered HCP metals with different c/a ratios
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shear, so propagation and nucleation are more difﬁcult, respectively. For both types of
these twins, the propagation is further mitigated by the more complex shufﬂes lowering
the mobility of twinning dislocations. A dislocation with a Burgers vector having a
component along the c-axis may then be favored over compressive twinning under
appropriate temperature and stress regimes. Other possible twin systems predicted by
the non-shufﬂing shear minimization approach [Jaswon and Dove, 1956, 1957, 1960]
involve either, complex shufﬂes, double-twinning or otherwise, a higher characteristic
shear. Low temperature always favors glide twinning over slip regardless of the twin
mode and polarity.
The crystallographic reorientation caused by twinning is a regional volume
(proportional to the characteristic twin shear deformation), but it can spread upon
deformation at a rate that dramatically changes the type and activity of operative
deformation modes. A sigmoidal stress-strain behavior with an inﬂection point is
thus systemic with profuse twinning. Profuse twinning can be favored or inhibited in
sharp textured materials by changing the loading orientation. This results in strong
mechanical anisotropy, which is problematic for forming and performance of HCP
metals.
Casting has been regarded as a possible manufacturing solution to generate
random textures. However, at high temperature, some commercialized metals such
as Mg and Ti are excessively reactive — they entrap excessive amounts of pores and
atmospheric elements which impair fatigue resistance. Furthermore, recrystallization

10

twinning can be systemic in solidiﬁcation textures relative to some important materials
such as Mg.
Accordingly, the past two decades have seen intensive research into predicting
anisotropy of formed HCP metals through polycrystal plasticity simulations. An important focus was dedicated to develop polycrystal plasticity codes that can capture
deformation for both single and double-lattice structures. Pioneering works by Molinari
et al. [1987] and Lebensohn and Tomé [1993] led to the Visco-Plastic Self-Consistent
(VPSC) code. The micromechanical self-consistent method precludes the need of ﬁnite
elements (FE) and provides more realistic stress estimation than in Taylor’s [Taylor,
1938] and Sachs’ [Sachs, 1928] assumptions. As such, faster runs could be performed
by reasonably reducing the total number of orientations. The constitutive laws used
in the VPSC model, however, corresponded to models originally developed to suit slip
deformation mechanisms, and as such were unable to capture mechanisms unique
to glide twinning. A recent attempt was made by Beyerlein and Tomé [2008] for a
dislocation density based constitutive law for Zr using equations from Mecking and
Kocks [1981]. The dislocation density based formulation is a suitable framework for
incorporation of microscopic deformation mechanisms related to interaction between
slip and glide twinning.
In this chapter, we review some important elements of these mechanisms and
formulate governing equations, without extreme mathematical complexity, within the
dislocation density based framework. We particularly introduce the hardening effect
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of dislocation “transmutation”5 upon their incorporation in the twinned regions. This
allows us to suggest an additional basis to interpreting the sigmoidal curve associated
with profuse twinning that was classically attributed to the combined effect of HallPetch mechanism and the triggering of high stacking fault slip modes and/or high-shear
twins in the twinned regions.

2.3

Current correlation approaches to hardening in HCP
Annealed, textured Zr and Mg with a c-axis ﬁber along the normal direction

(ND) were the main processed material testbeds used to study the effect of twinning
and multimode slip on anisotropy of polycrystalline HCP structures. For their simplicity,
extended Voce formulations represented the hardening models most extensively utilized
in polycrystal VPSC simulations to ﬁt the macroscopic stress-strain curves. In the model
correlations motivated by experimental evidence, authors primarily considered 〈a〉 slip
dislocations lying on the basal and prismatic planes, 〈c + a〉 slip dislocations lying on
the ﬁrst/second order pyramidal planes, tensile twinning and compression twinning.
For Zr, 〈a〉 slip dislocations were only lying on the prismatic planes.
For c-ﬁber textures, a simple compression perpendicular to ND (IPC) gave rise to
profuse tensile twinning ({101̄2} for Mg and Zr) (Figure 2.1). The stress-strain behavior
is sigmoidal; that is, it shows an initial plateau (noted here Regime I), followed by a
regime of increasing hardening rate (Regime II), and then an inﬂection to a regime of
5

The change of plane and Burgers vector of a dislocation upon incorporation in the twin is referred
to in the recent literature by transformation. This term was avoided by Christian and other authors to
prevent confusion with transformation twins and martensitic transformation. Here we suitably adopt the
nomenclature “transmutation.”
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Figure 2.1

Stress-strain curves of a c-axis basal textured Mg AZ31.
Stress-strain curves of a c-axis basal textured Mg AZ31 showing a concave
curve upon through thickness simple compression (TTC) and a sigmoidal
shaped curve upon in-plane simple compression (IPC) with three subsequent regimes: Regime I, with constant hardening rate; Regime II with
important increase in hardening rate; and Regime III with decreasing
hardening rate to an asymptotic plateau. [Proust et al., 2009]

decreasing hardening rate (Regime III). (Figure 2.1). Simple compression along ND
(TTC) produces a higher yield stress, and an monotonic decrease in hardening rate from
a very high initial slope. This behavior in TTC is characteristic of deformation dominated
by slip. However, for low temperatures, e.g. Liquid Nitrogen (LN) temperature, Zr could
show an inﬂection point under TTC, which is associated with an important contribution
of {101̄1} compressive twinning [McCabe et al., 2006]. Unarguably, the higher yield
stress and initial slope under TTC is attributed to an important contribution of the hard
pyramidal 〈c + a〉 slip needed to accommodate deformation along the c-axis. To be
consistent, this hard slip mode would also be responsible for the sharp increase of stress
after the initial plateau associated with the profuse tensile twinning in IPC loading.
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Tensile twinning, in fact, tends to rotate the c-axis ﬁber in the range of 90 ◦ (depending
on the c/a ratio), so to align it with the IPC axis; that is, a similar loading orientation
as in TTC is retrieved.
Clearly, only increasing the hardness of pyramidal 〈c + a〉 slip did not provide
acceptable ﬁt to both stress-strain curves. Speciﬁcally, Voce parameters of pyramidal
〈c + a〉 slip providing good ﬁt to the TTC curve were unable to match up the increase in
hardening rate associated with Regime II under IPC. A good ﬁt to this regime provides
an overestimation of the TTC curve. Authors had then to consider modifying parameters
that do not act in loading orientations where twinning is prohibited, i.e. twinning
related parameters.
A slight increase of twinning self-hardening parameters caused an increase in
the reference threshold stress sufﬁcient to noticeably overestimate the initial plateau
of ﬁrst twin proliferation. Otherwise, the threshold stress for easy slip modes had
to be unreasonably reduced, and upset the yield stresses and TTC predictions. The
increased rate of twinning reference threshold stress was then kept relatively low or
strictly neutralized. However, to bring the necessary hardening for Regime II, authors
assumed a latent hardening of twinning on slip in the parent. This latent hardening
could also harden the slip in the twinned regions if secondary twinning is allowed.
The use of slip-twin latent hardening parameters was generally successful in
predicting the curve under profuse twinning conditions [Agnew and Duygulu, 2005,
Parisot et al., 2004, Proust et al., 2007, Tomé et al., 1991]. However, the necessary
slip-twin latent hardening capable of good ﬁt to IPC Regime II without altering the ﬁt
14
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Twin volume fraction evolution of Zr.
Twin volume fraction evolution of Zr under In-Plane Compression (IPC) at
76 K of clock-rolled Zr according to experimental data from McCabe et al.
[2009], and predicted data from Tomé et al. [2001]. T1 is {101̄2}〈101̄1̄〉
tensile twin, T2 is {112̄1}〈112̄6̄〉 tensile twin, and C1 is {112̄2}〈112̄3̄〉
compressive twin.

of TTC curve ranged from 400% [Agnew and Duygulu, 2005, Jain and Agnew, 2007,
Proust et al., 2007, Tomé et al., 1991] to 3500% [Proust et al., 2009] higher than a
slip-slip self hardening, depending on the material and model integration. Here, it is
worthwhile recalling that for FCC single lattice structures, a slip-slip latent hardening
is only 20% to 40% higher than slip-slip self hardening [Kocks, 1970]. Although the
twinning hardening parameters led to a good reproduction of the experimental stressstrain curve, in most cases it failed to reproduce the experimental twin volume fraction
evolution. Regardless of the scheme used to evolve regions reoriented by twinning, the
twin volume fraction was mostly not well predicted (Figure 2.2).
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Another discrepancy unexplained by current approaches is the higher saturation
stress under IPC than TTC even though pyramidal 〈c + a〉 dominates in the saturation
regime for both orientations. A higher saturation in IPC reﬂects that the grains store
more dislocations if they align their c-axis with the loading axis during the course of
deformation by twinning, than if they were initially oriented as so. This “apparent”
higher storage rate under IPC will be discussed in section 2.5.

2.4

The physics premises of twin -self and -latent hardenings
The latent hardening of twin on slip in the parent could not be physically

supportable unless a twin boundary can act as a barrier against slip dislocations. That
is, a sort of pile-up could be asserted occurring ahead of the twin interface. The grain
reﬁnement caused by twinning could thus increase the Hall-Petch effect, which would
draw a physics-premise for the correlation approach based on slip-twin latent hardening.
Mechanisms related to the effect of dislocation pile ups ahead of a growing glide twin
on hardening constitute an intricate problem. There is indeed formal evidence of pileups against twin interfaces, but the twins were mostly annealing twins [Rémy, 1981]
or very slow growing twins prevented from further growth in BCC materials where
twinning and fracture are usually associated [Mahajan, 1971, 1975, 1981]. Otherwise,
a possible pile-up of dislocations arising stress concentration ahead of a growing
twin is to penetrate the twin. However, as pointed out by Christian and Mahajan
[1995], successive pile-up dislocations penetrating the twin must cause the induced
twinning dislocations to rapidly move away along the interface. The acceleration of
16

the glide of these twinning disconnections will cause a faster twin growth. As such,
the twin will tend to rapidly consume the pile-up and thus, substantially mitigating
a tendency of hardening by the Hall-Petch effect. So pile-ups will tend to act against
the hardening they would produce. Otherwise, if dissociation could not occur at the
interface to ensure appropriate penetration of the pile-up in the twin, the twin interface
will avoid the overworked slip band causing twin fragmentation. To our knowledge,
islands of untwinned regions are indeed frequent in BCC twins but not in HCP twins.
However, Sleeswyk [1962b] proposed that twin fragmentation might be rather the
result of emissary dislocations bypassing obstacles. Glide of emissary dislocations is
characteristic of the catastrophic lengthwise thickening of the twin. Stacking faults
were recently observed in Zr tensile twins [Bhattacharyya et al., 2009] but to a very
limited extent, not likely to point out to any signiﬁcant effect related to Hall-Petch.
Moreover, a Hall-Petch correlated to grain reﬁnement by profuse glide twinning
would have an effect on hardening that should be rather higher at low fractions of twins
and then critically decrease as twin lamellae start to coalesce. In fact, an average grain
size or mean free path of mobile dislocations would increase as twin volume fraction
increases in the coalescence regime. If Hall-Petch hardening is operational, the material
would then softens as the twins grow. This tendency is inconsistent with the increasing
hardening rate in Regime II. This conclusion is substantiated by Figure 2.5 revealing
that twinning in an extruded AM30 alloy actually consumed the entire initial texture
before strains falling closely within the upper-bound of Regime II [Oppedal et al.,
2010]. The initial state before deformation is presented in Figure 2.4. An important
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Pole ﬁgures of initial texture of AM30 Magnesium.
Complete {0001} and {101̄0} pole ﬁgures obtained by neutron diffraction
of initial texture of AM30 Magnesium revealing an almost axisymmetric rod
texture from extrusion process of a cylindrical billet. The z-axis corresponds
to the extrusion direction.

point from Figure 2.5 is that the coalescence regime of twin lamellae took place before
the initiation of Regime II. Therefore, any assumed Hall-Petch mechanism based on
twin segmentation would have actually induced a decrease in hardening rate starting
from the upper-bound of Regime I, and strictly before Regime II takes place. The fact
that Regime II initiates a hardening of increasing rate clearly eliminates the assumption
of Hall-Petch by grain reﬁnements through profuse twinning.
The initial texture corresponded to an almost axisymmetric rod-texture measured by Neutron Diffraction (ND) as shown by Figure 2.3. The complete experimental
method for mechanical testing and texture analyses is reported in a different paper
[Oppedal et al., 2010].
Another possible hardening mechanism in the parent due to twinning could
actually be attributed to the dislocations repelled by the twin, which would increase the
dislocation density in the parent. In fact, Yoo [1981] demonstrated using anisotropic
elasticity theory substantiated with TEM reports that some of the non-screw basal
18

(a) ED (extrusion direction)

(b) EN (extrusion normal)

(c)

Figure 2.4

EBSD inverse pole ﬁgure map of initial AM30 Magnesium.
EBSD inverse pole ﬁgure maps of AM30 Magnesium showing microtexture
on (a) a section normal to the extrusion direction (ED) and (b) section
normal to the extrusion radial (ER). The grain microstructure is dual, the
elongated grains having the prismatic direction aligned with the ED and
small recrystallized grains rendering the parent grain prismatic texture
more axisymmetric.

dislocations could be pushed back into the parent as their incorporation, in the absence
of appropriate dissociation, requires the creation of faults with high energy in the twin
interface. This is the case of parent dislocations having a corresponding twin vector as
an integral fraction of the lattice vector. However, it is possible for a pair or a group of
such dislocations to penetrate the twin as a single dislocation without leaving a fault
at the interface, which is an effect similar to the passing stress problem in the pole
19

(a) AM30 experimental texture ε = 0.03

(b) AM30 experimental texture ε = 0.06

(c) AM30 experimental texture ε = 0.08

(d) Predicted texture ε = 0.11 (rupture)

Figure 2.5

EBSD inverse pole ﬁgure map of deformed AM30 Magnesium.
EBSD inverse pole ﬁgure map for AM30 Magnesium, deformed along the
extrusion direction (ED) up to four strain levels, namely (a) 3%, (b) 6%,
(c) 9%, and (d) 18% (rupture). At 3% plastic strain the twins are separated
lamellae rotating 33% of the parent prismatic grain to a sharp basal pole.
At 6% plastic strain, coalescence has already reached an advanced stage
where the twins have invaded approximately 70% of the whole structure.
At 9% plastic strain twinning invaded the entire elongated grains and
approximately 50% of the recrystallized grains. At rupture, substantial
double twinning by {101̄1} compression twinning took place when almost
the entire matrix is twinned by tensile twinning.
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mechanism. In contrast, the other non-screw basal dislocations should be attracted to
the twin boundary and cause a reversed softening effect [Yoo and Wei, 1966].
In sum, a latent hardening slip-twin whether based or not on a Hall-Petch
mechanism seems not to be experimentally substantiated for profuse twinning, and it is
unlikely to have substantial effect given the mobility of the twin interface under stress.
Of considerable importance, is that this conclusion is consistent with that of
Cáceres et al. [2008] and that of Salem et al. [2003] made on the hardening properties
of HCP Ti based materials. More interestingly, Cáceres et al. [2008] demonstrated that
the quasi-Hall Petch hardening associated with grain segmentation by the tensile twin
{101̄2} in Mg has a relatively small effect on hardening. For textured polycrystals, the
authors demonstrate through analyses using Kocks-Mecking equations that this was
due to the small value of the Hall-Petch constant, while for random oriented grains the
fraction of grains undergoing twinning is small, despite the larger Hall-Petch constant.
As such, under profuse twinning Hall-Petch has a minor contribution to hardening.
Other experimental works that substantiate our conclusions correspond to the
microhardness results on Cu – 8 at. % Al [Basinski et al., 1997], Hadﬁeld steel [Karaman
et al., 2000] and Ti [Kalidindi et al., 2003], revealing that twinned lamellae are harder
than the adjacent parent. This also excludes the possibility of Hall-Petch because the
Hall-Petch mechanisms would provide similar microhardness values on both sides of
a coherent twin boundary. However, these results should be carefully taken since the
twin and parent have different crystallographic orientations.
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Under the above facts, an additional mechanism should be most responsible for
the increasing hardening rate in Regime II and the smooth transition between Regime I
and Regime II. This mechanism should act in combination with the effect of twinning on
deformation texture to explain the anisotropy retrieved under any given level of twinning contribution. In the following, we suggest a coupling effect between dislocation
transmutation and latent hardening within the twin. We formulate phenomenological
equations for this mechanism operating under simpliﬁed assumptions, but are expected
to provide a pragmatic rationale for the observed hardening anisotropy.

2.5

Dislocation “transmutation” effect on slip-slip latent hardening
Upon edgewise6 thickening of a twin, parent dislocation segments in the new

twinned region must presumably be incorporated in the twin if no fragmentation mechanism is asserted. As such, their interaction with the twinning shear must be considered.
A generating node, in the sense deﬁned by Bilby and Christian [1956], is formed if the
transmutation of the dislocation segments obeys the rule of the correspondence matrix
approach. The node joins the incorporated dislocation line, the parent dislocation
line and a twinning disconnection running from the two crossing points between the
dislocation segment and the composition plane. The kinematics and crystallographic
properties related to the formation of the twinning disconnection is beyond the scope
6

The problem of dislocation incorporation upon the catastrophic lengthwise thickening of the twin
may be more appropriately treated under the nucleation event, which is beyond the scope of the current
work.
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of this work. Here, we rather focus on the properties of the incorporated dislocation
which is more relevant to hardening caused by twinning.
For FCC metallic structures, Niewczas [2007], provided an exhaustive description, with substantiation from TEM studies on copper, of dislocation products supporting
the matrix correspondence transformation upon a pure generating node. The author
classiﬁed events of matrix dislocation transmutation upon the passage of a twin front
into ﬁve categories: i) glissile-to-sessile, ii) sessile-to-glissile, iii) glissile-to-glissile, iv)
sessile-to-sessile, and v) formation of three-dimensional structures in the twin including dislocation loops, jogs and reﬁned debris. Earlier work on incorporation of slip
dislocations into twins included Saxl [1968], Yoo [1969] and Basinski et al. [1997].
Based on the correspondence matrix method, Bhattacharyya et al. [2009]
recently reported incorporated systems in Zr tensile and compression twins from matrix
dislocations with Burgers vector 〈a〉 lying on prismatic planes. The details of derivation
were not reported, but the method is similar to that described by Niewczas [2007] for
FCC. Only two incorporated systems corresponded to usual slip modes in Zr, namely,
systems of pyramidal 〈c + a〉 mode. Otherwise, tensile and compressive twins transmute
dislocations to high index systems.
An important consideration is the ramiﬁcation on slip transfer from the correspondence matrix assumption — the matrix slip will be crystallographically equivalently
to the incorporated system only if K2 or η2 constitute a slip plane or a slip direction,
respectively. For HCP metals, this condition seems to be only fulﬁlled for {224̄1},
{202̄1} and {112̄1} twins, which are not common twin systems considered in polycrys23

tal simulations. Thus, when incorporated under a generating node assumption, HCP
glide twins will see a high latent hardening since dislocations from different modes will
interact inside the twin volume. This deﬁnes an attribute unique to twinning hardening
especially for low symmetry structures having to deform under multiple slip modes.
Thus, latent hardening and dislocation transmutation should play, in combination, a
vital role in the hardening correlated to profuse twinning. The multiplicity of dislocation types inherited by the twin from the parent was probably the motif that stimulated
certain authors [Capolungo et al., 2009] to suggest that the twin stores more rapidly
dislocations than the parent. Here, it is important to understand, in contrast to some
other suggestions in the literature, that latent hardening serves only as a stress rising
agent rather than a multiplier of dislocations [Beyerlein and Tomé, 2008]. As such,
the typical higher saturation stress in IPC than in TTC is a systemic cause of the higher
latent hardening in the twin induced by transmutation effects.
Consider a parent grain containing a volume fraction V T of a single lamellar
twin in a grain of unit volume (Figure 2.6). Assume that upon a small deformation
increment d, the twin thickens uniformly edgewise by fraction dV /2 on each of its
sides. After slip, the dislocation densities for a given dislocation type i in the twin and
in the parent are ρ i T and ρ i P , respectively. Here, an i dislocation may be sessile or
glissile, but, obviously, only those which have been considered to provide deformation
could be directly affected by slip deformation. However, if within the new twinned
volume, a j dislocation from a given deformation mode in the parent prior to twinning
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A schematic illustration of a twin lamella growing by dV /2.

is transmuted to an i dislocation upon twinning, the ﬁnal density of i dislocations in
the twin, ρ i T F should increase according to the following equation:
V T ρ i T + dV
ρiT F =


j

V + dV
T

αi j ρ jP
(2.1)

Here, we introduced a phenomenological second order transmutation matrix α to
which we associate an application deﬁned from the afﬁne space D P of dislocation
densities in the parent to the afﬁne space D T of dislocation densities in the twin. The
respective dimensions p and t of D P and D T correspond to the number of dislocation
types deﬁned in each of the parent and the twin, which are not necessary identical. For
the correspondence matrix approach, the dimension of D T will be always greater than
that of D P upon twinning, and vice-versa upon detwinning. The number of components
in the matrix associated to α is [sup(p, t)]2 .
The α parameter is a non-dimensional measure of the fraction of j dislocations
transmuted to several types of i dislocations. The partition is governed by the dislocation
character and the type of dissociation upon incorporation. Thus, the alpha-parameter
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partitions in a dimensionless fashion the new formed dislocation types in the twin (upon
twinning or in the parent upon detwinning) from a single kind of parent dislocations
intersecting a coherent twin boundary. The sum of a line values in the alpha matrix is
strictly less than unity. The correspondence matrix approach will, at most, double the
number of initially activated slip modes for each twin.
The effect of alpha is rather primarily sensed by the increase of the densities
of dislocation types (slip modes) that do not correspond to the primary dislocation
types generated in the twin (upon twinning or in the parent upon detwinning) by the
deformation of the twin itself according to the rule of the highest Schmid factor.
If the interface contains the Burgers vector of the incident dislocation, then the
incorporation is achieved in screw orientation. In this case, a transmutation may not
occur if a twin slip meeting the intersection line has an appropriate lattice vector to
incorporate the dislocation. Also, there would be no twinning dislocation. This case can
be exempliﬁed by the incorporation mechanism of a basal dislocation in a Ti {101̄2}
twin suggested by Yoo and Wei [1966]. In the absence of shufﬂes, the one to one
correspondence matrix Cij upon the generating node assertion for centrosymmetric
structures is:

C = X−1 ⊗R⊗X⊗S

(2.2)

where Xmn is the transformation matrix from the parent basis to the twin interfacerelated orthonormal basis constructed by axes x k parallel to η1 , perpendicular to the
plane of the shear and perpendicular to K1 , respectively, Rmn ; is the proper rotation
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matrix from x k to the twin basis; and Smn is the characteristic glide twinning shear
matrix.
The new slip modes in the twin could be formally considered to provide deformation along their slip systems. However, it would be simpler as a ﬁrst approximation
to only consider their effect on latent hardening, since their critical resolved shear
stress in the parent was tacitly considered to be too high to be reached during the test.
When a portion of a parent grain twins in a polycrystalline material, the deformation by the twin is usually accommodated by slip. Even for single crystals, whereupon
stopped twins spread across the entire sample cross section, the shape change is partly
accommodated by kinking and partly by slip [Holden, 1952, Pratt and Pugh, 1952].
The slip could be concentrated on one side of the crystal and induce a zigzag markings
that could in some cases destroy coherency and not allow detwinning upon stress
reversal. The twinning induced slip is usually referred to in the literature as accommodation effects. In polycrystalline materials, there are primary kinks and secondary kinks
[Gilman, 1954, Rosenbaum, 1961]. The dislocation sources could be activated at the
grain boundary segments where the twin edge ends, but a more systemic mechanism
could be correlated to the combinations and accumulations of twinning dislocations
at these segments. This is commonly believed to be so for the emissary dislocation
correlated to the ﬁrst lengthwise thickening of the twin [Sleeswyk, 1962b]. In any case,
the dislocation densities in the parent should be partly increased by the contribution
of twinning-induced slip dislocations. Primary kinks were observed to be essentially
formed by easy slip dislocations, while secondary kinks are a result of non-easy slip
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dislocations. The partition may be affected by cross slip and the resolved shear stress in
the parent regions neighboring the twin boundaries. That is, the density ρ i P of each
slip dislocations in the parent will be partly increased due to accommodation effects
through a parameter, ξi , acting on the Mecking and Kocks equations as:
 


 , T )ρ i P sdV − dγkink
ρ i P F = ρ i P + dρ iacc = ρ i P + ξi k1i ρ i P − k2i (˙

where the sum of the constants ξi over all modes must meet



(2.3)

ξi ≤ 1.

i

In this formula, dρ iacc represents the increment of i dislocation density induced
by the twin accommodation effects, ρ i P the density of i dislocation before the twin
grows by dV /2, k1i the constant for i dislocation generation, k2i the rate sensitive
constant for i dislocation removal, s the characteristic twin shear, and dγkink the part of
twin deformation accommodated by kinking, that may supposed to be proportional to
sdV . As ﬁrst approximation, it may be convenient to consider only dislocations from
the easy slip mode, so only one accommodation parameter is left to be adjusted.
P
The density of dislocation debris ρdeb
in the parent should be updated including

debris from the accommodation effects, that is, using Beyerlein and Tomé [2008]
equations we have:

P
dρdeb

=q


i

2A2i bi2 ρ i P

 

i
i
iP
iP
 , T )ρ
k1 ρ − k2 (˙
dγi
 


+ξi k1i ρ i P − k2i (˙
 , T )ρ i P sdV − dγkink
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(2.4)

Here, Ai and q are phenomenological parameters reﬂecting the production rate
of debris from each type of dislocations, and bi is the corresponding Burgers vector.
The effect of dislocation transmutation on hardening of twinned regions will be
sensed primarily through extensive latent hardening and secondarily through the extra
debris created. The latent hardening could be termed following Lavrentev and Pokhil
[1975b], and the debris following Madec et al. [2002] as,

= τ0i +
τmi
c



χi j μ j b j



ρ j + kdeb μi b i

j



ρdeb log

1

b

i

ρdeb

(2.5)

where, for each orientation τmi
is the critical resolved shear stress of the slip system m
c
belonging to the considered deformation mode i evolving from an initial value τ0i , χi j
the latent hardening parameters reﬂecting the effect of j dislocation on i dislocation
whereupon for a twinned region (resp. detwinned region) j runs upon twinning (resp.
for parent upon detwinning) through all dislocation types including those transmuted
from the parent (resp. from the twin upon detwinning) even if there are sessile or
glissile not considered as providing deformation, μ j is the shear modulus correlated
to a slip system of j dislocation, ρdeb is the sum of debris densities over all dislocation
types including the transmuted ones, and ρ j is the density of j dislocations.
Here, it is of considerable importance to recall that experimental evidence in
magnesium showed that the latent hardening of pyramidal on basal exceeded a range
of 400% higher than the self-hardening basal on basal [Lavrentev, 1975, Lavrentev and
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Pokhil, 1975a,b, Lavrentev et al., 1978, Lavrentev and Vladimirova, 1970, Michel and
Champier, 1975, 1976, Vladimirova and Lavrentev, 1973].

2.6

Discussions
The correspondence matrix method might represent the most obvious assump-

tion for dislocation transmutation that could be systemically violated. To be consistent
with Bilby and Christian [1956] notation, the situation that does not favor a generating
node will be called here a non generating node. Non-generating node phenomena were
substantially evidenced in BCC structures [Mahajan, 1971] and even in FCC [Mahajan
and Chin, 1973a, Rémy, 1977] and HCP structures [Tomsett and Bevis, 1969, Yoo and
Wei, 1966].
Actually, the problem of dislocation incorporation in the twin is better to be
considered, as it was frequently done in eminent literature [Christian and Mahajan,
1995], under the inverse process of the penetration of the twin by slip dislocations in
the matrix, so slip transfer is of a concern. Here, the role of the stress would become
important in the mechanisms controlling the selection of the incorporation plane and
the Burgers vector transmutation. In the correspondence matrix approach, the action of
stress is tacitly ignored as if the twin was considered as a form of an obstacle that may
engulf dislocations; that is, annealing, growth or mechanical twins bear no differences.
Particularly, observe that according to the correspondence matrix method used by
Niewczas [2007], glissile-to-glissile transmutations are limited to dislocations with
Burgers vectors parallel to K1 or K2 . As pointed out by Christian and Mahajan [1995],
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the inverse process is better suited for transmutations performed by glide twinning and
even for fast growing glide twins, because the stress that is responsible for the twin
formation and growth should be responsible for the slip near the twin interface. As
such, the twin interface will tend to endure appropriate reactions to allow transfer of
matrix slip on systems admitting equal signs of the resolved shear stresses in the twin
and the matrix.
As a consequence, if the dislocation is to glide in the twin, it must dissociate in a
way to generate a Burgers vector in the twin that is a lattice vector of the incorporation
plane, which is not, as aforementioned, a usual case offered by the generating node
assumption. Accordingly, authors such as Mahajan and Chin [1973b] and Rémy
[1981] suggested and demonstrated, e.g. FCC, the systemic occurrence of dislocation
dissociations at the twin interface permitting slip transfer even if they violate the Frank
rule. Mahajan and Chin [1973b] declared that the defect structure close to the interface
always induces a stress concentration that would overshadow the imbalance of energy
dictated by the Frank rule on the dissociations permitting slip penetration.
These dissociations do not cancel the possibility of generation of sessile dislocations observed in TEM studies on both single Niewczas [2007] and double-lattice
metallic structures [Bhattacharyya et al., 2009]. Most of the dissociations suggested for
slip transfer involve the extra creation of sessile dislocations or glissile dislocations not
necessary belonging to a usual slip system. For instance, the unexplained 〈c〉 dislocation
in the twin by the correspondence matrix method in Zr [Bhattacharyya et al., 2009],
could be a mere result of a dissociation suggested by Yoo and Wei [1966] for 〈a〉 slip
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dislocations transferring in pairs through an HCP tensile twin interface without leaving
a stacking fault.
An assumption supporting the non-generating node case presents the advantage
of reducing the number of dislocation types considered in a polycrystal simulation, and
as such will lead to a reduction in the number of latent hardening parameters.
For FCC, Mahajan and Chin [1973a,b] proposed a series of dissociations permitting slip transfer that do not obey the correspondence matrix method. Rémy [1977,
1981], Mori and Fujita [1980], and Robertson [1986] not only conﬁrmed these dissociations by TEM observations, but strikingly revealed pile-ups as playing the role of stress
raiser agents responsible for upsetting the Frank rule. There is also the possibility that
shufﬂing upsets the incorporation to the corresponding plane if the atomic movement
required by shufﬂes affects the dislocation core in such away to not favor the generation
of a Burgers vector appropriate for the corresponding plane. An analysis of this effect
requires revisiting the assumption of Jaswon and Dove [1957] made on the kinematics
of the composition plane in double-lattice structures. These authors assumed that the
K1 plane is situated half-way between the corrugations, which is in fact equivalent to a
Y /2 type shufﬂing between the opposite corrugations. A striking example demonstrating the breakdown of the correspondence matrix method is the dissociation of an 〈a〉
dislocation in Ti at 60 ◦ to a {101̄2} twin interface into only interfacial defects [Serra
and Bacon, 1996]. The atomic simulations performed by these authors evidenced no
corresponding dislocation in the twin, and neither a slip transfer.
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Apart from fragmentation, the last category of three-dimensional defect structures observed by Niewczas [2007] in Cu twin could be actually attributed to the
high level of interactions between dislocations speciﬁc to the deformation within the
growing twin. Under these interactions, generation of sessile dislocations, in particular
the observed 〈c〉 type dislocation in HCP twins, will be possible upon dissociations of
superjogs formed at the intersection between glissile dislocations of different modes.
Also, pinched-off loops could result from the degeneration of dislocation dipoles expected to substantially form in the twin. Partridge and Roberts [1964] observed similar
three-dimensional structures in a polycrystalline magnesium {101̄2}〈1̄011〉 twin including jogs, dislocation dipoles, and dislocation loops lying on non-basal planes. An
observation of considerable importance in hardening induced by twinning made by this
author is the high amount of dislocation debris produced at the boundary of intersection
between two coalescing twins. Similar structures were observed by Niewczas [2007] in
FCC copper and Bhattacharyya et al. [2009] in HCP Zr but were arguably attributed to
dissociations during twin nucleation. The formation of debris during twin coalescence
could be a distinguishing hardening mechanism in the regime of twin coalescence.

2.7

Conclusions
The increasing rate of parent dislocation transmutation in the twin is consistent

the increasing rate of hardening in Regime II which is the main characteristic of the
sigmoidal curve when profuse twinning occurs in double-lattice structures. As the
parent slips and the twin grows, the twin ﬁnds an increasing density of dislocations
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to incorporate and transmute. The process multiplies the types of dislocations in the
twin. As such, transmutation results in the presence of a greater number and a higher
fraction of dislocation types within the twinned regions than in the parent, forcing
them to interact and induce an increasing latent hardening unique for twinning. The
alleged twin-induced Hall-Petch effect that was widely used to predict the behavior of
HCP metals does not ﬁnd a good physical basis and turns out to conﬂict with eminent
literature and important recent experimental evidences. Of important consideration
is its inconsistency with the observed peculiar hardening rate increase of Regime II
correlated to profuse twinning. In this writing, we suggest an alternative way to
account for hardening in Regime II based upon the mechanisms correlated to twinning
transmutation. Polycrystalline plasticity models were also found to have overlooked
the accommodation effects, and a model was suggested accordingly. Accommodation
effects are important for transmutation to take place early on upon strain. Considerable
analyses are further required to shed light on dissociation mechanisms at the twin
interfaces as they dominate hardening when the twin volume fraction approaches the
asymptotic regime. A physics-based expression of the alpha-parameters needs these
mechanisms to be mathematically appreciated.
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CHAPTER 3
HARDENING MECHANISMS UPON PROFUSE TWINNING IN PURE MAGNESIUM

3.1

Summary
Textured hexagonal close packed double-lattice structures show stronger

anisotropy than textured single-lattice structures. The reason lies behind the necessity
to activate glide twinning and hard slip dislocation modes. Although the mechanisms
behind activation of dislocations with non-basal Burgers vectors are still not fundamentally understood, the effect of twinning on hardening presents the most substantial
challenge to polycrystal plasticity modelers. The origin of the increasing strain hardening rate regime (Regime II) upon profuse twinning is still not fundamentally clear.
Previous successful attempts to ﬁt the stress-strain behaviors based on a Hall-Petch
effect by twin segmentation had systemically led to discrepancies in predicting intermediate textures and/or twin volume fraction evolutions. A recent dislocation-based
hardening rule incorporated into the Visco-Plastic Self-Consistent (VPSC) model allows slip and twinning to be physically coupled in the simulations. In this chapter,
we investigate hardening mechanisms in pure magnesium and apply a dislocation
based formalism to model anisotropy. In contrast to magnesium alloys, we show that
pure magnesium under large strains develops substantial multivariant twinning and
multifold twinning. These twinning phenomena are accompanied by a marked grain
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reﬁnement and blunting of former twin boundaries. This blunting suggests severe
accommodation effects in the soft matrix that caused the twin boundary to lose coherency. Thus, multivariant and multifold twinning take place to accommodate further
deformation, but the subsequent twin-twin interactions arise to contribute in material
hardening. The strain path anisotropy related to the saturation stresses revealed major
missing links for comprehending hardening by twinning and substantiated dislocation
transmutation effect by twinning shear.

3.2

Introduction
As lightweight metals, magnesium and titanium are intensively sought for

the possibility of integration in large thermomechanical structures. Magnesium and
titanium present a hexagonal closed-packed (HCP) structure that is of signiﬁcant low
crystal symmetry compared to the crystal structures of base materials commonly used in
automotive and aircraft components. The dislocation glide activities needed to mediate
plasticity in HCP structures involve defect dynamics of complex crystallography. Modern
industrial goals in achieving more energy savings are now reviving wide attention to
the complex fundamentals of transformations upon plasticity in metallic double-lattice
structures.
The basic problem with HCP structures is that the closed-packed directions
are all normal to the c-axis. In fact, in real structures, interatomic distances along a
direction that has a component along the c-axis deviate from the ideal case and do
not belong to an easy-glide plane. As such, deformation along the c-axis, necessary to
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satisfy arbitrary deformation, is a matter of complex dislocation dynamics. There are
two most common patterns of these dislocation dynamics: (1) an apparent pyramidal〈c + a〉 dislocation and (2) glide twinning; glide twinning being the most extensively
studied since the 1950s. The mechanisms involved in the triggering of both of these
dislocation patterns are still widely debated. The threshold stresses for glide twinning
activation seems to be athermal and can be substantially different from that of easy
slip depending on the state of pre-existing defects. The threshold stresses for activation
of the apparent pyramidal-〈c + a〉 depends strongly on temperature and can exceed
that of easy slip by up to three to four time below room temperature. That is, a strong
anisotropy characterizes HCP structures.
Strain path anisotropy is most striking when glide twinning is profuse. Compression normal to c-axis ﬁbers induces the universally-observed {101̄2}〈101̄1〉 twin
mode to be profuse, while it can be nearly totally prohibited upon compression parallel
to the ﬁber [Tomé et al., 2001]. Here, for materials having prisms as the easiest slip
planes, the yield stress is remarkably the highest when twinning is precluded. Whether
basal or prismatic slip is the easiest slip plane, when twinning is profuse, there is an
unusual change of concavity with a merging of a regime characterized by an increasing hardening rate, known as Regime II [Kelley and Hosford, 1968, Reed-Hill, 1973,
Wonsiewicz and Backofen, 1967]. Most remarkably, although not addressed in the
literature, for c-axis ﬁbers, when basal slip is the easiest, the saturation stress reached
upon profuse twinning is noticeably higher than that reached when slip dominates
strain accommodation.
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Previous approaches to hardening upon profuse twinning failed to satisfactorily
capture texture evolution and the twin fraction evolution when stress-strain behaviors
of slip dominated and profuse twinning dominated were acceptably correlated to the
experimental data. This spurred the need to analyze the major mechanisms relevant to
hardening in HCP metals. El Kadiri and Oppedal [2010] have recently reviewed major
advances in the literature in understanding and modeling of hardening by twinning,
and attempted to identify main missing links for reliable predictions of plasticity upon
profuse twinning. They invoked the dislocation transmutation by the twins at the K1
plane (ﬁrst invariant plane by the homogenous shear) as a major potential mechanism
that leads to Regime II, in combination with accommodation effects and rotation
of the matrix to hard orientation by twinning. The authors suggested a model that
phenomenologically incorporates dislocation transmutation and twin accommodation
effects. However, no formal experimental evidences were put forward.
In this work, we experimentally and numerically demonstrate the essential
role that the transmutation mechanisms may have in unlocking the high extent of
rapid hardening in Regime II upon profuse twinning. We use pure magnesium as a
material test-bed and apply the dislocation-based hardening rule recently incorporated
in the Visco-Plastic Self-Consistent (VPSC) model and validated for Zr by Beyerlein
and Tomé [2008]. The twinning contribution to deformation was modeled with the
composite grain scheme developed and incorporated within VPSC by Proust et al.
[2007]. We show that when not using the Hall-Petch [Hall, 1951, Petch, 1953] effect
by twin segmentation or apparent latent hardening twin-slip, it is necessary to increase
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the dislocation storage capability within the twins over that of the parent to provide
a good correlation of both of Regime II and the anisotropy related to the saturation
stress. Pure magnesium poses further challenges since it exhibits severe accommodation
effects that lead to complex multifold, multivariant twinning, twin-twin interactions,
marked grain reﬁnement, and twin boundary blunting. The pure magnesium was tested
under different orientations, and the deformation texture was characterized by neutron
diffraction and Electron-Backscattered Diffraction.

3.3

Materials and Experiments
The chemical composition of the magnesium employed in this study is presented

in Table 3.1 and corresponded to the pure magnesium studied by Livescu et al. [2006].
The material was extruded to a thick plate by Timminco. However, to be compatible
with prior studies that used VPSC for polycrystal plasticity simulations, we examined a
basal texture rather than a rod-texture typical of extrusion. Hence, the material was
subsequently rolled down to a 12 mm thick sheet. Even after rolling, the formation of
the c-axis ﬁber did not saturate throughout the sheet. Some remaining components
along the transverse direction (TD) (0001)  TD persisted from the rod-texture. To
increase the reliability of the hardening rule correlation reliability, we tested two
slightly different textures representing samples extracted from the center and the edge
of the rolled sheet. Subsequent to rolling, cuboidal samples were used for uniaxial
compression (7 mm x 8 mm x 9 mm) testing that were extracted by electrical discharge
machining (EDM) and then isolated in vacuum for a heat treatment of 30 minutes at
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Table 3.1

Composition of pure Magnesium, ppm.
Al

Ca

Mn

Zr

Zn

Sn

Si

Pb

Mg

30

10

40

10

130

10

40

10

balance

200 ◦ C. The heat treatment was intended to obtain equiaxed grains and eliminate the
dislocation structures introduced by the previous forming processes. The annealing
led to a more uniform distribution of dislocation densities suitable for the modeling
purposes. The temperature and soaking period were chosen so that the texture was
not affected by recrystallization. The initial and deformation textures were analyzed
through EBSD and neutron diffraction.
The neutron diffraction texture analyses were performed on the High-Pressure
Preferred Orientation (HIPPO) diffractometer at the Los Alamos Neutron Science Center
(LANSCE) in Los Alamos National Laboratory. Wenk et al. [2003] and Von Dreele [1997]
describe the facilities and techniques for the neutron diffraction analyses. Figure 3.1
presents pole ﬁgures obtained by neutron diffraction that were used to generate initial
texture data for VPSC simulations. Figure 3.1a and Figure 3.1b correspond to textures
near the center of the sheet and the edge of the sheet, respectively. The central regions
of the sheet developed more enhanced c-axis ﬁbers than those near the edge and would
be harder upon a through-thickness loading. The EBSD texture analyses presented
in Figure 3.2 are compatible with those obtained by neutron diffraction and show a
grain size of approximately 120 μm in diameter. There is a substantial ﬂuctuation of
grain size that is typical of advanced stages of abnormal grain growth events due to
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Pole ﬁgures of pure untested magnesium.
{0002} and {101̄0} pole ﬁgures obtained by neutron diffraction on two
different annealed, untested pure magnesium specimens. Sample (a) was
tested and labeled TTC-1, and sample (b) labeled TTC-2 in the text and
subsequent ﬁgures. X, Y, and Z axes stands for TD (transverse direction),
RD (rolling direction) and ND (normal direction), respectively.

annealing. Uniaxial compression tests were performed at room temperature and at a
strain rate of 0.001 s−1 . Additional samples were tested up to 3%, 6%, 9% and 12%
plastic strain levels to analyze intermediate deformation textures and twin volume
fractions necessary to optimize the hardening parameters.
Results of compression tests along TD, termed in-plane compression (IPC), and
along the normal direction, termed through-thickness direction (TTC), are depicted
in Figure 3.3 together with the modeling results. The modeling comprised simulation
results with, and without, {101̄1}〈101̄2〉 compression twins for four different cases
of a higher dislocation generation in the twin over that in the parent by means of
a twin storage factor (TSF). In Figure 3.3, when compression twins were included,
three additional simulations were performed corresponding to different values of the
TSF, namely two, three, and four. The softer and harder TTC curves are denoted here
TTC-1 (Figure 3.1a) and TTC-2 (Figure 3.1b), respectively. The IPC stress-strain curve
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(a)

Figure 3.2

(b)

EBSD texture analysis of initial state of pure Magnesium.
EBSD (electron backscattered diffraction) texture analysis of the initial
state of pure magnesium before compression testing showing an inverse
pole ﬁgure (IPF) map with TD (transverse direction) out of the plane of the
paper. Note the equiaxed grains and abnormal growth phenomena from
annealing, which correspond to large grains consuming their small neighbors. Some orientations along the TD may correspond to recrystallized
grains or a previously extruded rod-texture.

presents a sigmoidal shape signature of profuse twinning. The sigmoidal shape is better
illustrated in Figure 3.4 by the strain hardening rate - effective stress curve (theta-sigma)
[Mecking and Kocks, 1981], which reveals the exact location of the inﬂection point,
and the extent of Regime II. In Figure 3.4, we also included the theta-sigma curves from
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Results of compression tests and simulations for pure magnesium.
Results of compression tests and simulations for pure magnesium tested
along the through-thickness direction (TTC) that corresponds to the normal
direction of the sheet, and along the in-plane (IPC) direction that corresponds to the transverse direction of the sheet. In (a) {101̄1} compression
twins were excluded in the simulation and a twin storage factor (TSF) of
two was adopted, while in (b), (c) and (d) the {101̄1} compression twins
were included in three simulations corresponding to a twin storage factor
equal to two, three and four, respectively. The parameter that is varied in
the ﬁgure (twin storage factor) modify the twinning response, which is
more pronounced in the IPC case.
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Strain hardening rate versus stress plots.

Strain hardening rate versus stress plots θ = dθ
,
θ
vs.
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plots from
d
compression tests and simulation results with compression twins and four
values of the twin storage factor, namely unity, two, three and four on a
pure magnesium tested (a) along the through-thickness direction (TTC)
that corresponds to the normal direction of the sheet, and (b) along the
in-plane direction (IPC) that corresponds to the transverse direction of the
sheet. Stress values were normalized by σnormalized = (σ − σ y )/μ where
σ y is yield stress and μ is shear modulus.

the simulation results with the four values of the twin storage factor, namely unity, two,
three, and four. An important point from Figure 3.3 is the relative insensitivity of the
initial yield stress to the loading orientation compared to the striking difference found
in pure Zr [Beyerlein and Tomé, 2008] and magnesium alloys textured with similar
c-axis ﬁbers. Another point of considerable importance is the substantial difference in
the saturation stress between TTC and IPC, namely 170 MPa and 240 MPa, respectively,
although pyramidal-〈c + a〉 slip Agnew et al. [2001] dominates strain in conjunction
with easy slip in the saturation regime of both TTC and IPC. Thus, the material hardens
more substantially under IPC than under TTC.
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After the saturation regime, both TTC-1 and TTC-2 stress-strain curves show a
peculiar stress decrease that may correspond to shear localization.

3.4

The polycrystal model and hardening rule
For modeling mechanical anisotropy of pure magnesium, we used mesoscale

simulations where the macroscopic behavior was computed through the behavior of
discrete grains in a polycrystal aggregate material that follows single-crystal constitutive
rules. Stress, σ, is estimated following the VPSC scheme adapted by Molinari et al.
[1987] to polycrystal plasticity and implemented by Lebensohn and Tomé [1993].
Hardening is based on updating the critical resolved shear stress τα following the
constitutive power law that provides the shear strain rate γ̇α in each slip mode α based
on the Schmid factor mα and a constant γ̇0 reﬂecting the macroscopic strain rate:


 mα ⊗σ n



α
sign
m
⊗σ
γ̇α = γ̇0 

 τα 

(3.1)

The hardening model is a dislocation density based model, fully described in the
paper by Beyerlein and Tomé [2008], which incorporates slip and glide twinning under
the “composite grain” twin scheme put forward by Proust et al. [2007]. This hardening
rule is a temperature and strain rate dependent formulation that assumes the effects
of a dislocation forest, dislocation debris (or substructure), a Hall-Petch effect on slip
propagation, and the effects of slip and Hall-Petch on twin propagation. If α denotes
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a slip mode having s as a slip system, and β denotes a twin mode having t as a twin
system, both of these effects are given by the following:

ταc = τα0 + ταforest + τsub + τsHP

β

(3.2)

β

t
+ τslip
τct = τ0 + τHP

(3.3)

The critical resolved shear stresses for the slip resistance equation take the
following forms for each of the forest, substructure, and Hall-Petch effects, respectively:

ταforest = bα χμ

ταsub = ksub μb

τsHP = μHPα


α

bα
dg



ρα


ρsub log

1
α
b ρsub

(3.4)


for s ∈ α without twins

(3.5)

(3.6)

Here, b is the Burgers vector, χ is the dislocation interaction coefﬁcient smaller
that unity, μ is the shear modulus, and d is the spacing between twin lamellae.
The rate of dislocation density is modeled through Mecking and Kocks [Kocks
and Mecking, 2003, Mecking and Kocks, 1981] equations who primarily used a f (x) =


x − x type equation that has a decreasing rate for 0 < x < 1 and allows for hardening

and recovery to be incorporated as phenomenological parameters k1 and k2 . Here we
introduced a ﬁtting parameter, twin storage factor (TSF), that allows the possibility
that twins harden more than the parent. This is the same parameter used by Capolungo
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et al. [2009] but ﬁnds a good physical premise in the transmutation theory developed
by El Kadiri and Oppedal [2010]. In the transmutation theory, the twins harden more
than the parent through a higher latent hardening in the twin by a rapid increase in
the dislocation multiplicity in the twin. Here the twin storage factor captures the extra
hardening in the twins, not by latent hardening, but instead by a constant that increases
the dislocation densities only in the twin. Thus, the mechanism tacitly assumed by TSF
may not be physical. However, it provides a similar effect on hardening compared to
the effect provided by the latent hardening through dislocation transmutation across
the twins.

∂ ρα
∂γ

α

=

∂ ρgeneration
∂γ

α

−

∂ ρremoval
∂γ

α

= TSFk1α



ρ α − k2α (˙
 , T )ρ α

(3.7)

Thus, the temperature and rate dependence are introduced in k2 following a
pure thermodynamic approach to describe how dislocations overcome barriers when
the strain rate is lowered or when the temperature is increased:

, T )
k2α (˙
k1α

=

χ bα
gα


1−

kT
Dα (bα )3


log

˙
˙0


(3.8)

Here D is termed as the drag stress, and g is the activation energy in an
Arrhenius type rule for the strain rate dependence. The two critical resolved shear
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stresses for resistance to twin propagation relate to the Hall-Petch effect and slip and
take the following forms, respectively:

τHt P

H Pβ
=  with no twins or when t ∈ β
dg
and t is the predominant twin system (PTS) (3.9)

t
τHP

H P ββ
=  s when t ∈ β and t is not the PTS, with PTS ∈ β
dmfp
β

τslip = μ



C βα bβ bα ρ α

(3.10)

(3.11)

α

Here, C βα reﬂects the interaction between twin and slip, which may be negative
or positive depending on whether slip hinders or promotes twin growth. In our
simulations, we did not consider these two barriers for twin propagation for reasons
that will be developed further in this chapter.

3.5

3.5.1

Results of simulations and deformation texture analyses

Synopsis of parameter ﬁt
Following TEM observations from Lavrentev [1980], Lavrentev and Pokhil

[1975a,b], Lavrentev and Vladimirova [1970] the slip systems considered in all simulations were restricted to the easy close-packed slip mode {0001} 13 〈21̄1̄0〉 termed as
basal-〈a〉, two slip modes including non close-packed planes, namely {101̄0} 13 〈1̄21̄0〉
termed as prismatic-〈a〉 and {112̄2} 13 〈1̄1̄23〉 termed as pyramidal-〈c + a〉. For twinning,
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(a) basal 〈a〉
{0001}〈112̄0〉

Figure 3.5

(b) prismatic 〈a〉 (c) pyramidal 2nd
{101̄0}〈112̄0〉
{112̄2}〈112̄3〉

(d) tension twin
{101̄2}〈101̄1〉

(e) compression
twin
{101̄1}〈101̄2〉

Deformation modes considered in the numerical simulations

we included the {101̄2}〈101̄1〉 “tension” twin mode providing extension along the
c-axis and the {101̄1}〈101̄2〉 “compression” twin mode providing contraction along the
c-axis.
The best ﬁt of the two TTC curves and the IPC curve in Figure 3.3b corresponded
to the hardening model parameters for slip, tensile twin, and compression twin that
are listed in Table 3.3 and Table 3.4, respectively. It is important to note that the
parameters were ﬁt comparing the experimental and simulation stress-strain curves,
and endeavored to simultaneously ﬁt the TTC (through thickness compression) and
IPC (in-plane compression) curves. The resulting simulations were used to predict the
resultant textures in Figures 3.6 and 3.7, and the twin volume fraction evolution in
Figure 3.8, but they were not themselves used to ﬁt the parameters.
The parameters related to the generation of debris (Aα and q), twin hardening
by slip (C βα ), and Hall-Petch for both twin on slip and twin on twin hardenings were
not needed and, therefore, could not be evaluated.
Following El Kadiri and Oppedal [2010], we did not ﬁnd a strong physical
premise for HPαβ reﬂecting the effect of twin segmentation on slip. The twin boundary
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Table 3.2

Slip and Twinning Modes used in these simulations for Mg

Symbol

Mode

Crystallography

α=1
α=2
α=3
β =1
β =2

Prismatic 〈a〉
Basal 〈a〉
Pyramidal 〈c + a〉
Tensile Twin
Compression Twin

{101̄0} 13 〈1̄21̄0〉
{0001} 13 〈21̄1̄0〉
{112̄2} 13 〈1̄1̄23〉
{101̄2}〈101̄1〉
{101̄1}〈101̄2〉

Table 3.3

No. of Systems

b (nm)

0.13
0.1367

3
3
6
6
6

3.21E-01
3.21E-01
6.12E-01
4.92E-02
1.09E-01

Hardening parameters for slip
Prismatic (α = 1)

Basal (α = 2)

Pyramidal (α = 3)

2.00E+09
1.00E+07
0.0035
3.40E+03
0
30
0.9
0
0
0

0.25E+09
1.00E+07
0.0035
10.0E+03
0
11
0.9
0
0
0

2.00E+09
1.00E+07
0.003
0.08E+03
0
50
0.9
0
0
0

k1 1/m
ε̇0 s−1
gα
α
D0 MPa
Aα
τα0 MPa
χ
q
HPα
HPαβ

Table 3.4

S

Hardening parameters for twinning

Parameters / Modes
β

τ0 MPa
HP
C β1
C β2
C β3
Twin Storage Factor

Tensile Twin (β = 1)

Compression Twin (β = 2)

τc r i t = 15, τ pr op = 10
0
0
0
0
2

τc r i t = 185, τ pr o = 185
0
0
0
0
2
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is a coherent moving interface able to consume any possible dislocation pile-ups at
their early stage of nucleation. In fact, dislocation pile-ups would promote interfacial
glide of twinning disconnections by intensifying the stress they locally produce ahead
of the leading dislocation.
For the effect of slip on twin propagation, El Kadiri and Oppedal [2010] demonstrated that a substantially pre-strained AM30 Mg alloy led to a fast and a total invasion
of the matrix by the {101̄2}〈101̄1〉 tensile twins. The twins punched easier through
the dislocation substructures before Regime II was completed. Thus, prescribing positive values of C βα is difﬁcult to justify for magnesium. Furthermore, we did not
need negative values for C βα since a null value has already been accompanied by an
overestimation of the twin volume fraction.
However, the ﬁt was only possible by assuming that twin hardens at least twice
as much as the parent. Otherwise, the misprediction is highlighted in Figure 3.8. This
extra hardening of the twins was reﬂected by a twin storage factor of dislocations that
acts on dislocation multiplication in the twin independently of that in the parent.
Debris generation was disregarded since stage IV of both TTC and IPC is characterized by an apparent decrease in the stress. Thus hardening by dislocation debris
would cause more ﬁtting difﬁculties.

3.5.2

Deformation texture analyses
Measured and calculated pole ﬁgures after 3%, 6%, 9% and 12% plastic strain

are given in Figures 3.6 and 3.7 for TTC and IPC, respectively.
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For IPC, most of the {0002}  ND components were reoriented by tensile
twinning to the {0002}  TD ﬁber before 6% plastic strain. Complete reorientation
appears to have occurred before 9%, that is, before, or at, the inﬂection into Regime III.
The evolution of tensile twin volume fraction could be estimated through integration
of intensities around the basal pole within several upper-bounds of the radial angle
α [Bunge, 1982, Clausen et al., 2008]. The pre-existing intensities at the initial state
were subtracted from these integrals and reported in Figure 3.8. After approximately
α = 47◦ , the intensities start to decrease, since the subtracted fraction increased
upon incorporation of components close to the initial c-axis ﬁber. We then kept the
angle for subtraction approximately equal to 38◦ . Therefore the best estimation of
the extent of tensile twinning upon strain corresponds to intensity integrals with a
tolerance approximately equal to α = 47◦ . It is important to note that these integrals
would underestimate the extent of twinning if double twinning or retwinning are
operational. As shown in next section, retwinning and double twinning was found to
exceed the extent of actual primary twinning. The simulated volume fraction of twins
slightly overestimated the intensity integral based estimation in the saturation regime
of twinning, which occurred in the vicinity of the inﬂection point of the stress-strain
behavior.
In Figure 3.7, the experimental neutron diffraction {0002} pole ﬁgures at 6% of
plastic strain show noticeably more important departure from the {0002}  TD ﬁber
than the simulated one. This departure reduces dramatically at 9% until 12% plastic
strains when the simulated and experimental pole ﬁgures are back in good agreement.
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To identify mechanisms behind these prediction discrepancies, EBSD analyses with
0.2 μm step size were carried out on specimens deformed to the four plastic strain
levels. The corresponding IPF maps are presented in Figure 3.9 with TD (parallel to
loading direction) being normal to the plane of the paper.
At 3% plastic strain, one twinning sequence, SQ1, could be identiﬁed (Figure 3.10) while at 6% plastic strain two twinning sequences, SQ1 and SQ2 coexist
(Figures 3.11 and 3.12). Twin identiﬁcation was based on the combined recognition of
the misorientation and the common K1 plane between the parent and the twin, both
of which give sufﬁcient characteristics for a given twin mode. The pole ﬁgures of the
misorientation axis 〈101̄2〉 were not reported here but gave excellent corroborations
between the parent and the relevant twins.
SQ1 refers to {101̄2}–{101̄1} double twinning, where a primary {101̄2} tensile
twin variant (PTt) retwins by {101̄1} compression twins forming a double compression
twin (DCt). SQ2 consists of two variants of {101̄2} tensile twins that simultaneously
twin the matrix, but one is largely retwinned by another {101̄2} tensile twin variant.
SQ1 and SQ2 were found to reach their peak activities at 6% plastic strain. From the
pole ﬁgures in Figures 3.10, 3.11, and 3.12, both SQ1 and SQ2 alters an isomorphic
transformation of the initial ﬁber by causing a substantial scatter around TD. This
relates to the higher spread of texture components around TD at 6% identiﬁed by
neutron diffraction and not captured by any simulation.
At 9% and 12% plastic strains, there is a profuse twinning sequence SQ3 that
affects nearly all the matrix (Figure 3.13). SQ3 is either SQ1 augmented by a pure
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Comparison of poleﬁgures.
Comparison of {0002} and {101̄0} pole ﬁgures obtained by neutron diffraction on deformed TTC (through thickness compression) samples and simulations up to 3%, 6%, and 9% plastic strains including {101̄1} compression
twins. The TSF (twin storage factor) had no effect on texture. X, Y, and
Z axes stands for TD, RD and ND, respectively. Note that TTC 9% corresponds to TTC-2 initial texture while TTC 6% and TTC 3% correspond to
the TTC-1 initial texture.

twofold double tensile twinning {101̄2}–{101̄2} (Figure 3.13) or SQ2 augmented by a
single instance of double tensile twinning {101̄2}.
SQ1 and SQ2 ultimately lead to quadruple tensile twinning QTt, through triple
tensile twinning TTt, QTt being reoriented so the {0002} is closer to the loading axis.
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Comparison of pole ﬁgures on deformed IPC samples.
Comparison of {0002} and {101̄0} pole ﬁgures of textures obtained by
neutron diffraction on deformed IPC (in-plane compression) samples and
predicted by simulations up to 3%, 6%, 9%, and 12% plastic strains
including {101̄1} compression twins. The TSF (twin storage factor) had
no effect on texture. X, Y, and Z axes stands for TD (transverse direction),
RD (rolling direction) and ND (normal direction), respectively.
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Figure 3.8

Twin volume fraction evolution.
Simulated twin volume fraction evolution as a function of strain (solid
line) compared to the fraction of intensity integrals at different tolerances
of neutron diffraction data used to estimate the amount of tensile twinning.
The saturation at around an angle of 38◦ indicates a lower-bound estimation while around an angle of 75◦ provides an upper-bound estimation.
These measurements disregard any multifold twinning. The simulation
uses the parameters in Tables 3.3 and 3.4.

As such, the substantial activity of SQ3 in Regime III leads to direct sharpening of the
transformed ﬁber, which was apparently captured by the simulations.
All through SQ1, SQ2 and SQ3, the grains are substantially reﬁned by natural
growth of multifold twins within their relative matrices. The average grain diameter
dropped from approximately 137 μm to 28 μm (Figure 3.18). It is of considerable
importance to note that all the multifold twin boundaries blunted relatively fast upon
their early stages of growth, which may give the appearance of grain reﬁnement solely
by polygonization. The blunting strongly suggests that the twins lost coherency at a
given growth level, which prohibited their further growth. This phenomenon explains
the substantial extent of multifold twinning since accommodation of strain by twin
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Figure 3.9

(a)  = 3%

(b)  = 6%

(c)  = 9%

(d)  = 12%

EBSD inverse pole ﬁgure maps of pure magnesium deformed along IPC.
Electron backscattered diffraction (EBSD) inverse pole ﬁgure maps of pure
magnesium deformed along the transverse direction (IPC) up to four strain
levels: (a) 3%, (b) 6%, (c) 9%, and (d) 12%. Note the substantial change
in texture and grain reﬁnement that occurs at 6% and after 9% plastic
strain, respectively. The highlighted regions indicate example of locations
where the twinning sequences SQ1, SQ2 and SQ3 occurred, which will be
identiﬁed in the subsequent ﬁgures.
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Figure 3.10

EBSD analysis of an IPC sample deformed to 3% plastic strain.
Texture analyses using EBSD (electron backscattered diffraction) of an
IPC (in-plane compression) sample deformed to 3% plastic strain revealing Sequence 1 (SQ1) type twinning that consists of double twinning
{101̄2}–{101̄1} that is a parent tensile twin (PTt) that twinned with a
compression twin (DCt). The colors used here correspond to the colors
of the IPF map in Figure 3.9a. The occurrence in Figures (3.9a, 3.9b) of
SQ1 {101̄2}–{101̄1} double twinning is conﬁrmed (a) by the common K1
plane (ﬁrst invariant plane by the homogenous shear) between the parent
and daughter for each twin mode, and (b) by the peak misorientation
of the c-axis between the parent and daughter around 〈12̄10〉, which is
approximately around 87◦ for the {101̄2} tensile twin and approximately
56◦ for the {101̄1} compression twin.
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Figure 3.11

EBSD analysis of an IPC sample deformed to 6% plastic strain.
Texture analyses using EBSD (electron backscattered diffraction) of an
IPC (in-plane compression) sample deformed to 6% plastic strain revealing Sequence 1 (SQ1) type twinning that consists of double twinning
{101̄2}–{101̄1} (PTt and DCt) and encountered at 3% plastic strain in
Figure 3.10. Here, however, the extent of double twinning and the growth
of compression twins are much higher than that at 3% plastic strain. The
double twinning contributes to the substantial deviation of the texture
components around the loading axis.
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Figure 3.12

EBSD analysis of an IPC sample deformed to 9% plastic strain.
Texture analyses using EBSD (electron backscattered diffraction) of an
IPC (in-plane compression) sample deformed up to 6% plastic strain revealing Sequence 2 (SQ2) type twinning that consists of a {101̄2}–{101̄2}
retwinning (PTt1 and DTt1), and multi-variant {101̄2} twinning within
the same grain (PTt1 and PTt2). The colors used here correspond to the
colors of the IPF map in Figure 3.9b. Both multi-twinning and double
twinning cause scatter of the texture components around the loading
axis which peaked at 6% plastic strain as revealed by neutron diffraction.
Retwinning and multi-twinning cause grain reﬁnement starting at 6%
plastic strain.
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Figure 3.13

EBSD analysis of an IPC sample deformed to 12% plastic strain.
Texture analyses using EBSD (electron backscattered diffraction) of an
IPC (in-plane compression) sample deformed up to 12% plastic strain
revealing Sequence 3 (SQ3) type twinning that consists of a quadruple
twinning phenomena, which is a combination of {101̄2}–{101̄1} double
twinning (DCt), and multi-variant retwinning by {101̄2} twins within
{101̄1} compression twins (TTt and QTt). The colors used here correspond to the colors of the IPF map in Figure 3.10. Both multi-twinning
and double twinning cause scatter of texture components around the
loading axis that peaks at 6% plastic strain as revealed by neutron diffraction. Also, retwinning and multi-twinning cause grain reﬁnement starting
at 6% plastic strain.
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growth is brought to an end when the twin/parent interface has lost coherency. The
loss of coherency is explained by the twin accommodation effects enhanced by the soft
pure magnesium matrix compared to commercial magnesium alloys widely studied
in the literature. Grain boundary blunting is itself enhanced by the high density of
twin disconnections created upon dislocation incorporation within the twin and the
accommodation effect inducing slip dislocations in the parent [Armstrong and Zerilli,
1999].

3.6

3.6.1

Discussion

Mechanisms in IPC Regime I
In contrast to Zr [Beyerlein and Tomé, 2008], which is the most studied HCP

structure in pure state, pure magnesium shows only a slight increase in initial yield
under TTC compared to IPC. This reduction in anisotropy of initial yield stems from the
relatively lower Schmid factor of the easiest slip mode in Zr prismatic 〈a〉 compared to
that in Mg (basal 〈a〉) for a similar c-axis ﬁber loaded under TTC. Thus, substantially
less activity of pyramidal slip or/and compression twinning takes place when the basal
〈a〉 is actually the easiest slip mode. For Zr, the simulations by Tomé et al. [2001]
predict even a higher activity of the pyramidal slip than the easy slip compared to
that by Beyerlein and Tomé [2008] although the same material was used. Figure 3.14
presents the deformation mode activities for all three samples: TTC-1, TTC-2, and IPC.
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The threshold stress of tensile twins was found to be almost identical to that
of the closed-pack slip mode. These predictions were found to be reliable since they
accurately captured both TTC-1 and TTC-2, although TTC-1 shows a slightly higher
contribution of tensile twinning. This value of tensile twin threshold stress in relation
to basal slip is in disagreement with most of simulations performed on magnesium
alloys [Agnew et al., 2001, Proust et al., 2009] and pure zirconium [Tomé et al., 2001].
In fact, for these materials, most authors ascribed substantially larger threshold stresses
to twinning compared to those ascribed to easy slip. This phenomenon reveals the
signiﬁcant sensitivity of twin nucleation to alloying elements and prior slip activity in
the crystal, which could be affected by the initial grain size [Armstrong and Horne,
1963, Armstrong and Zerilli, 1999]. A slight increase in early activity of the easy slip
mode by having a softer material promotes a more noticeable effect on twin nucleation.
This increasing effect of solute concentration reduction on twinning stress was
not found to be the same for the non-basal slip systems. The pyramidal and prismatic
threshold stresses decreased to keep almost the same ratios with respect to the basal
slip. For example, in an AZ31B alloy Jain and Agnew [2007] found the threshold stress
ratios of prismatic and pyramidal scaled over that of basal to be equal to 3.2 and 5,
respectively. These ratios are almost identical to those found by our simulations for the
pure magnesium.
In contrast to the alloy state, the extent of IPC Regime I, characterized by a
constant hardening rate, was limited in the pure state. This can be explained by the
higher contribution of easy slip in the pure state within the same range of deformation.
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The relative basal slip activity exceeded 40% at the onset of plasticity and only dropped
to 35% within Regime I to increase quickly back in Regime II. This argument may
not be sufﬁcient since even with an almost vanishing activity of basal slip for a total
dominance of tensile twinning in Regime I for anAZ31B material, the experimental
plateau was not satisfactorily captured by the simulations put forward by Proust et al.
[2009].
The fastest onset of Regime II correlated to this higher activity of basal slip is
in agreement with the theory put forward by El Kadiri and Oppedal [2010]. In fact,
higher slip contributions would allow more transmutation and as such a more intense
latent hardening in the twin, so Regime II takes place rapidly and at the expense of
Regime I. Hence, transmutation operates signiﬁcantly earlier in strain.

3.7

Mechanisms in IPC Regime II
An important point is that by not including Hall-Petch by twin segmentation,

ﬁtting the IPC curve was impossible without upsetting initial ﬁts to the TTC curves. The
TTC-1 curve was more sensitive to this phenomenon since it reﬂects more twinning
than TTC-2. The ﬁt was only possible by assuming that the twin hardens at least
more than the parent by a factor of TSF=2. That is, the hardening in IPC has to be
partially decoupled from that in TTC. The necessity of decoupling seems to be the
reason that motivated other authors to consider Hall-Petch by twin segmentation which
is not operational under TTC. The simulated stress-strain curves using the parameters
listed in Tables 3.3 and 3.4, except for keeping the TSF equal to one, are presented
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Simulations showing relative activities of slip and twinning.
Simulation results with the Twin Storage Factor equal to two showing
the relative activities of slip and twinning within the parent and the twin
for (a-b) in-plane compression (IPC), (c-d) through-thickness (TTC-1),
and (e-f) through-thickness (TTC-2), respectively.
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Simulations using twin storage factor = 1.
Comparison of simulation and experimental results when considering
the parent and twinned regions having the same dislocation storage
capabilities with the other material constants being the same as listed
in Tables 3.3 and 3.4. Note the substantial discrepancies in predicting
the extent of Regime II and the saturation stress in Regime III upon IPC
(in-plane compression). Naturally, the same dislocation storage leads to
the same saturation stress for all curves.

in Figure 3.15. Here the extent of Regime II and saturation stress was substantially
mispredicted. Figure 3.4a shows that the existence of Regime II was indeed produced
by the sole contribution of rotation to hard orientation by twinning. However, the
predicted extent of Regime II was far from matching the experimental results.
A striking point to be emphasized is the inability of avoiding a noticeable
overestimation of TTC-1 and TTC-2 curves by increasing the hardening rate of the
pyramidal slip although pyramidal slip mainly affects the twins in IPC. This clearly
indicates that twin induced reorientation does not account alone for the increasing
hardening in Regime II.
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The higher dislocation storage in the twin than in the parent was assumed to
reﬂect in a pragmatic manner the effect of the higher latent hardening within the
twin than in the parent following dislocation transmutation mechanisms. It is clear
that this approach provides more ﬂexibility to reproduce Regime II as observed in the
strain hardening rate - effective stress curve (theta-sigma) in Figure 3.4. The best
model correlation to the theta-sigma curve was achieved by a TSF equal to four. Both
Regime II and Regime III in the theta-sigma curve were remarkably reproduced while
still matching the saturation stress. Earlier attempts substantially underestimated the
theta-sigma curve for magnesium alloys [Proust et al., 2009]. In most cases, the authors
did not compare results of experiments and simulations in terms of theta-sigma curves,
even if the stress-strain curve showed an inﬂection point.
Figure 3.17 here, and Proust et al. [2009], showed that the experimental strain
hardening rate - effective stress curve (theta-sigma) curve has a Regime II of increasing
rate in magnesium alloys, while in pure magnesium the curve was nearly linear. This
probably pertains to the erratic transmutation by the multivariant twinning situation
where the twins were unable to build quickly enough a complex structure of various
dislocation modes. The predictions of the theta-sigma curves in the literature not only
did not correlate well the overall extent of Regime II experimental data, but the rate of
theta-sigma curve was of opposite sign [Proust et al., 2009]. Our simulations show a
good agreement with the tendency of Regime II in the theta-sigma curve.
In Regime II, the experimental IPC strain hardening rate - effective stress curve
(theta-sigma) curve shows several kinks that corresponded to load drops characteristic
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of the catastrophic lengthwise thickening of the twins. These kinks persisted up to 4%
plastic strain, which falls well within Regime II. For the pure magnesium studied in
this work, the profuse sequences SQ1 and SQ2 are consistent with these observed load
drops in Regime II.
The multivariant twinning is inconsistent with the Tomé et al. [1991] predominant twin reorientation (PTR) approach used for the twinning models in the VPSC
[Tomé et al., 1991]. The Composite Grain method [Proust et al., 2007] used in these
simulations, adopts a similar philosophy to track the accumulated shear of each twin
system and designates the system with the maximum grain volume fraction as the predominant twin system (PTS). The PTS approach assumes that in each parent grain, only
a single twin variant predominates, that is, nucleation by lengthwise thickening stops
within Regime I and only growth by edgewise thickening takes place thereafter. As the
twinning model used the predominant twin reorientation (PTS) scheme, multivariant
twinning was not captured in the simulations. Multifold twinning was allowed for both
tensile and compression twinning. However, the simulations did not lead to retwinning
by tensile twinning of the tensile twins and the double twins. This is probably due to
a non-Schmid effect related to tensile twin nucleation within the twins. In fact, the
Schmid factor for retwinning by tensile twinning may be too low, but because of the
severe accommodation effects, nucleation of tensile twins is promoted to accommodate
further strain. As accommodation effects were not captured in the model, allowing
multifold twinning in the simulations is not sufﬁcient alone to capture the observed
twinning sequences. This effect is somehow similar to the “non-Schmid effect” observed
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in a rod -textured AM30 Mg alloy by Ma et al. [2010]. In fact, in grains with a high
“Schmid factor” for tensile twinning, only decreasing and increasing the Schmid factor
for tensile twinning of the neighboring grains led to limited twinning by “stopped
elastic twins” and profuse twinning by residual twins, respectively.
Multivariant and multifold twinning are not documented for magnesium in
the alloyed state, so the PTS scheme is probably accurate for magnesium alloys. For
instance, Figure 3.16 shows IPF maps of a rod-textured AM30 Mg alloy deformed up
to 3% and 9% plastic strains where a single twin variant clearly predominates in each
grain. Figure 3.17 shows the corresponding strain hardening rate - effective stress
curve (theta-sigma) curve of an inﬂecting stress-strain curve, but with no load drops in
Regime II.
The development of profuse multifold and multivariant twinning in the pure
magnesium could be interpreted by severe accommodation effects that occurred in
the adjacent matrix to the twins. Since pure magnesium does not allow sufﬁcient
solid solution hardening, slip emission at the twin interface is facilitated. The slip
could be materialized by kink boundaries lateral to the primary twins as indicated
by Armstrong and Zerilli [1999]. These accommodation effects could easily induce
the twin/parent interface to lose coherency as pointed out by Christian and Mahajan
[1995]. The primary ongoing twins are thus prohibited from growing. Other twin
variants or multifold twins are then necessary to accommodate deformation by twinning,
so kinks emerge in Regime II. The nucleation of these other twin variants could be
facilitated by the kink boundaries suggested by Armstrong and Zerilli [1999]. The
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(a)  = 0%

(b)  = 3%

(c)  = 9%

(d)

Figure 3.16

EBSD inverse pole ﬁgure maps of deformed AM30.
EBSD inverse pole ﬁgure maps of an AM30 alloy deformed upon profuse
twinning from (a) the initial state up to (b) 3% and (c) 9% plastic strains.
Note the absence of multivariant and multifold twinning to the beneﬁt of
a predominant twin reorientation situation.

multifold and multivariant twins grow now in harder matrices that would mitigate
the accommodation effects. In fact the multifold twins grow in twins that experienced
transmutation-induced latent hardening, while the multivariant twins grow in a parent
that incurred more slip.
A common fundamental outcome of multivariant twinning is twin-twin type
hardening. However, since “stopped elastic twins,” i.e. an elastic twin unable to detwin
upon unloading due to plastic accommodation [30], were not observed, this type of
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Hardening rate versus stress for AM30.
Hardening rate (theta) versus effective stress (in red) garnered from
compression stress-strain curves (in blue) of an AM30 Mg alloy with a
rod texture deformed along a direction giving profuse twinning. Note
the absence of load drops in Regime II. Stress values were normalized by
σnormalized = (σ − σ y )/μ where σ y is yield stress and μ is shear modulus.

hardening should have had a limited extent. The limited extent of “stopped elastic
twin” formation may arise from the absence of small precipitates and solid solution that
could upset the glide of early twinning dislocations during the lengthwise thickening
stage. As such, the emissary dislocations suggested by Sleeswyk [31] did not form.
SQ1 and SQ2 both induce substantial orientation reﬁnement and scatter so at
6%, the PTS scheme could not capture the slight orientation broadening around the
{0001}  TD ﬁber.

3.7.1

Mechanisms in IPC Regime III
In Regime III, the orientation reﬁnement peaked upon profuse SQ3, which is a

multifold tensile twinning sequence affecting SQ1 and SQ2. Of substantial importance
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is the blunting of most twinning boundaries reﬁned by the SQ2 and SQ3 sequences. The
blunting gave the appearance of polygonized subgrains typical of recovery mechanisms.
However, orientation proﬁles conﬁrmed that misorientations along boundaries ranged
between 30◦ and 88◦ , typical of the three identiﬁed sequences. Furthermore, it is
helpful to note that coalesced twins of the same variants left only straight boundaries
with approximately 2◦ to 10◦ misorientations typical of high angle subgrain boundaries
(Figure 3.19). As put forward by Partridge and Roberts [1964], the high angle boundaries merged as a result of the high density of twin disconnections being converted
to dislocations in the matrix aligned in parallel patterns upon twin coalescence. As
such, the dislocation density was not high enough to cause blunting of these coalesced
boundaries. Therefore, the blunting of former twin boundaries that impinged into
other twins of different variants was driven by a substantially higher dislocation density.
These higher dislocation densities were most likely the result of the accommodation
effects that caused a loss of coherency with the parent matrix. Dissociation mechanisms
of the twin partials similar to that mentioned by Sleeswyk [1962a] could have occurred
to promote dislocation cross slip in the matrix so accommodation effects are favored.
Mapping of grain area upon deformation reveals that the grains were reﬁned
by a factor of four up to 12% of plastic strain (Figure 3.18). An important outcome
of the lower difference in yielding between TTC and IPC compared to that for Zr is
that the difference in the saturation stress between TTC and IPC is revealed for pure
magnesium. As mentioned previously, this poses a serious problem for a good model
correlation without increasing the dislocation storage capability of the twins (TSF)
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0

Grain size of initial state.
Grain size diameter histogram plot corresponding to (a) the initial state
before compression garnered from data in Figure 3.2, and (b) after 12%
plastic strain upon IPC garnered from data in Figure 3.9d. The average
grain size diameter in the initial state is 137 μm compared to 28 μm
when strained to = 12% in IPC.

compared to that of the parent. If hardening within the twin and within the parent are
of the same magnitude, the model incorrectly predicts IPC and TTC to equally saturate
(Figure 3.15). Since the twin deforms primarily by pyramidal or/and compression
twins, increasing the hardening of this mode(s) would appear to be the best way to
capture the higher saturation stress and the higher extent of Regime II. However, this
increase leads to a direct overestimation of the TTC curves. This reveals, in fact, that
an extraordinary hardening operates under the IPC mechanism, not just the increase in
the amount of necessary hard slip modes by twinning. We found that transmutation
inducing a preferential increase of latent hardening in the twin upon IPC is the extra
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Misorientation proﬁle.
The misorientation proﬁle along the highlighted line in Figure 3.9c that
corresponds to 9% plastic strain upon IPC. The line crosses multiple
subboundaries arising from coalescence of twin lamellae of the same twin
variant.

hardening mechanisms with justiﬁable physical premises, which could explain the high
rates of Regime II.

3.7.2

Mechanisms in TTC
Under TTC loading, basal and pyramidal slip predominate strain accommoda-

tion (Figure 3.14). Basal slip marked the highest activity at the yield point and monotonically decreased thereafter to the beneﬁt of pyramidal slip. Interaction between
basal and pyramidal slip is then expected to have an important effect on hardening,
but no latent hardening was considered in the present simulations. The softer TTC-1
underwent a strengthening of the basal peak since the minor orientations in the vicinity
of the {0001}  TD component rotated toward the load axis by the limited tensile
twinning. No grain reﬁnement was observed for TTC deformed samples analyzed by
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EBSD, which were not reported in this work. This substantiates the primary role of
profuse multivariant and multifold twinning through accommodation effects in reﬁning
grains and blunting of former twin boundaries which were observed under IPC.
Despite the predominance of pyramidal slip in the saturation regimes for both
TTC and IPC, TTC saturated under lower stress compared to IPC. This underlines the
considerable effect of transmutation of incorporated parent dislocations in the twinned
regions. It is noteworthy to observe the nearly similar saturation stress of the TTC-1 and
TTC-2 although TTC-1 was softer. This greatly substantiates the effect of dislocation
transmutation on the saturation stress, since TTC-1 twins slightly more than TTC-2.
The decrease in stress in the saturation regime of the TTC curves could be
explained by shear localization and not by dynamic recrystallization. Despite that pure
magnesium is able to dynamically recrystallize at room temperature via transmutation
effects [Kaibyshev and Sitdikov, 1994, Sleeswyk, 1962a], we did not observe any
recrystallized grains. In fact, the dynamic recrystallization in pure magnesium was
reported to start therein after 50% of plastic strain which was not investigated in the
present work. The shear localization in magnesium was also reported by Klimanek and
Pötzsch [2002].

3.8

Conclusions
Anisotropy in pure magnesium is characterized by a more complex twinning

phenomena compared to magnesium alloys. Substantial multivariant and multifold
twinning arose in the matrix and was consistent with severe accommodation effects
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that could have potentially occurred in the relatively soft matrix. The accommodation
effects seemed to have been so severe that the primary twin boundaries lost coherency
and triggered other twin variants and modes throughout the matrix so further strain
could be accommodated. As a consequence, several load drops appeared in the strain
hardening rate - effective stress curves (theta-sigma) characteristic of the lengthwise
thickening of the twins. The accommodation effects ultimately led to multivariant and
multifold twinning and in turn substantial grain reﬁnement and blunting of former
twin boundaries as they lost coherency with the matrix. This radical change in the microstructure and texture of pure magnesium upon profuse twinning was not captured in
the crystal plasticity simulations although it could have a noticeable effect on hardening.
The grain reﬁnement was found to not be induced by dynamic recrystallization at room
temperature as previously observed in the literature for pure magnesium [Kaibyshev
and Sitdikov, 1994].
Choosing not to utilize the Hall-Petch effect by twin segmentation allowed us to
realize that rotation to hard orientation by twinning is sufﬁcient to cause a Regime II of
increasing hardening rate. However, the extent of the hardening rate was substantially
underestimated by the model unless a higher hardening rate in the twins was used
when compared to the parent. In this case, the other loading orientations where
twinning was limited, such as TTC in basal textures, were still satisfactorily predicted. A
ﬁtting parameter called the twin storage factor had a dominant effect on comparing the
model to the experimental stress-strain behavior when extra hardening in the twins was
considered. This is consistent with the transmutation theory put forward by El Kadiri
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and Oppedal [2010]. However, it is emphasized that according to the transmutation
theory, the higher hardening in the twins over that in the parent is not due to an
increase in the dislocation generation in the twin over that in the parent. Rather, it is
due to an increase of latent hardening in the twins by a rapid increase in dislocation
multiplicity within the twins.
When considering that the twin regions harden more than the parent, not only
were the stress-strain behaviors well predicted but the strain hardening rate - effective
stress curve (theta-sigma) was as well. This kind of model correlation to experimental
data was not previously reported in the literature. A hardening level within the twin
higher than four times than that in the parent was necessary to satisfactorily capture
the theta-sigma curve.
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CHAPTER 4
LIMITATION OF CURRENT HARDENING MODELS IN PREDICTING ANISOTROPY BY
TWINNING IN HCP METALS: APPLICATION TO A ROD-TEXTURED AM30
MAGNESIUM ALLOY

4.1

Summary
When a strongly textured hexagonal close packed (HCP) metal is loaded

under an orientation causing profuse twinning or detwinning, the stress-strain curve
is sigmoidal in shape and inﬂects at some threshold. Authors have largely attributed
the dramatic stress increase in the lower-bound vicinity of the inﬂection point to a
combined effect of a Hall-Petch mechanism correlated to grain reﬁnement by twinning,
and twinning-induced reorientation requiring activation of hard slip modes. These two
mechanisms drove the correlation approaches of crystal plasticity hardening models to
the macroscopic mechanical response. In this work, we experimentally and numerically
demonstrate that these two mechanisms alone are unable to consistently reproduce
the stress-strain behaviors obtained under intermediate loading orientations correlated
to in-between profuse twinning and nominal twinning. We argue based on adopting
various mechanistic approaches in hardening model correlations from the literature. We
used both a physics dislocation based model and a phenomenological Voce hardening
model. The HCP material is exempliﬁed by an extruded AM30 magnesium alloy
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with a 〈101̄0〉-ﬁber parallel to the extrusion direction. The intermediate loading
orientations corresponded to obtuse angles with the extrusion direction and gave rise
to curve inﬂections progressively vanishing toward the extrusion radial direction. We
demonstrate that this behavior could only be captured when Hall-Petch is disregarded
and the twin is considered to harden by slip at least three times more than the parent.
This consideration was stimulated by the dislocation transmutation effects by the
interfacial twinning shear.

4.2

Introduction
Sharply textured HCP metals can exhibit pronounced deformation anisotropy

because twinning [Cáceres et al., 2008] becomes profuse under a suitable loading orientation, and nominal or prohibited under other loading orientations. This anisotropy
promotes complex distortions in wrought metals, notably Mg and Ti, when formed at
the conventional velocity ranges used for cubic structures. Until this day, high strength
magnesium alloys could not be formed with velocities allowing reasonable costs.
The {101̄2}〈101̄1〉 twins are the most frequent twins in these two metals [Christian and Mahajan, 1995], due to their relatively low characteristic shear and easy
shufﬂe mechanisms. However, due to twinning polarity, this twinning mode can only
accommodate extension along the c-axis for these metals and other HCP metals having
a c/a ratio less than



3. Other twin modes, or difﬁcult to activate 〈c + a〉 pyramidal slip

systems, are necessary to accommodate contraction along the c-axis. For Mg, Zr and
Ti, the most frequent compression twins are {101̄1} and {102̄2} twins Christian and
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Mahajan [1995] despite their relatively high characteristic shear. Other less frequent
twinning modes with higher characteristic shear or complex shufﬂing requirements
could occur under high stress or complex loading, temperature and alloying conditions.
Double twinning could also occur as a successive or simultaneous combination of multiple twinning modes affecting the same region. However, the growth and as such the
deformation accommodated by these less frequent twin modes are usually sufﬁciently
small to be disregarded in polycrystal plasticity simulations.
A c-axis ﬁber, or basal, texture is typical of clock rolled sheets, has been widely
utilized in “benchmarking” the visco-plastic self-consistent (VPSC) model developed by
Molinari et al. [1987] based on the Eshelby inclusion theory Eshelby [1957], and later
implemented by Lebensohn and Tomé [1993] for polycrystal plasticity simulations. Simple compression at room temperature along the normal direction (Through Thickness
Compression; TTC) results in a concave stress-strain curve typical of slip predominance
through dislocations with Burgers vectors having a component along the c-axis. At
temperatures close to liquid nitrogen (LN) temperature (76 K), however, compression
twins can accommodate an important part of the deformation for HCP metals for which
prismatic slip is most readily activated, such as Zr and Ti [Tomé et al., 2001]. The
stress-strain curve is inﬂecting with an initial plateau (Regime I), a saturation regime
(Regime III) and intermediate regime with increasing hardening rate (Regime II). If
the c-axis ﬁber is loaded along the in-plane rolling or transverse direction (In-Plane
Compression; IPC), a sharp sigmoidal stress-strain behavior is obtained at temperatures
up to 573 K due to the occurrence of tensile twinning [Reed-Hill, 1973]. The initial
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plateau corresponds to dramatic twin growth characterized by an important “parabolic”
increase of the twin volume fraction. The twinning occurs as residual lamella from
an initial complete lengthwise thickening. The residual twin usually reaches both
sides of the grain, and the strain is accommodated partly by kinking and partly by slip
dislocation activities in the twin or in the parent, called accommodation effects. The
partition between kinking and slip is dictated by the compatibility restrictions at the
grain boundary and the strength of the material. The number density of lamella is
characteristic of the twin mode and the alloy but not the initial grain size. The twins
continue growing edgewise by glide of interfacial partial twinning dislocations that
induce the parent/twin interface to advance forward toward the parent. Spontaneous
nucleation of twin islands at the twin/parent interface is possible, but it is unlikely to
be important, for the high rates of edgewise growth observed experimentally.
The twin lamellae are crystallographically new orientations conserving the parent lattice structure - for example, upon IPC of Mg c-axis ﬁber textures, {101̄2} tensile
twinning reorients the twinned lamellae approximately 87 ◦ from the parent toward
the compression axis. The tensile twin lamellae must thus deform by compression
twinning or slip along the c-axis under the same stress that controls their ongoing
growth. Motivated by TEM observations [Stohr and Poirier, 1972], second order pyramidal 〈c + a〉 dislocations are considered in most polycrystal simulations as the only
slip mode accommodating c-axis compression. Because of its relatively high Peierl’s
stress, large Burgers vector and rough atomic planes, this slip mode is harder to activate
than the tensile twin, and 〈a〉-type dislocations. Agnew et al. [2001] showed through
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VPSC simulations that the double-peak phenomena experimentally observed after TTC
loading of basal texture could only be attributed to pyramidal dislocation activities with
a Burgers vector having a component along the c-axis.
Some authors have questioned the presence of glissile pyramidal 〈c + a〉 dislocations even as dissociated partials. Recent atomistic simulations by Li and Ma [2009]
suggested that the independent glide of two partials:

1
2

· 12 [011̄2] and 13 · 12 [21̄1̄0], which

when combined at the free surface gave rise to a perfect dislocation lying on the second
order pyramidal plane with 〈c + a〉 as net Burgers vector. These authors observed no
pyramidal 〈c + a〉-dislocations within the crystal bulk. If this hypothesis is correct, the
Schmid factor should be adjusted for slip along the c-axis and this may question current
stress-strain behavior correlations in polycrystal plasticity simulations.
As the twin volume fraction increases, i.e. the fraction of grains with c-axis
close to the loading axis increases, the texture becomes harder. The critical resolved
shear stress and hardening parameters of 〈c + a〉-pyramidal slip found to reproduce the
inﬂecting curve upon profuse twinning were, however, to cause an overestimation of
the stress-strain behavior in the TTC direction. That is, the hardening involved with an
activity of pyramidal 〈c + a〉-dislocations would be higher if the grains progressively
align their c-axis with the loading axis through twinning, than if they were initially
oriented as such. This reﬂects a discrepancy in the dislocation storage capability
between the two orientations, which will be discussed in the core of this chapter.
In an effort to simultaneously reproduce both TTC and IPC stress-strain behaviors with the same set of parameters, part of the large hardening induced by twinning
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was asserted to originate from a Hall-Petch Hall [1951], Petch [1953] effect induced
by the creation of twin interfaces. This Hall-Petch effect could be naturally correlated
to grain reﬁnement resulting from twinning. For the Voce type hardening model, this
Hall-Petch effect was portrayed through the latent hardening slip-twin parameters. In
the literature, an acceptable correlation for Mg and Zr stress-strain behaviors under
both TTC and IPC loading orientations compelled the latent hardening slip-twin to
range for all slip systems from 400% to 3500% higher than the slip-slip self hardening
Proust et al. [2009].
In this work, by using a 〈101̄1〉 ﬁber texture and adopting the same correlations
approaches used in the literature, we derive an important discrepancy in the prediction
of the stress-strain behaviors measured under loading orientations with intermediate
volume fractions of twins. Only the stress-strain behaviors under orientations completely prohibiting twinning and maximizing twinning could be acceptably reproduced.
In between, the models do not provide enough precision to capture the hardening
trend.
We demonstrate that the reason lies behind a misunderstanding of the nature of
twin-slip interactions.
A ﬁrst misunderstanding comes from the Hall-Petch effect. In fact, on one hand
we show that the measured twin volume fraction evolution is incompatible with the
evolution of the Hall-Petch effect needed to capture the increasing hardening rate in
Regime II of the stress-strain behavior. The dislocation based model is more sensitive
to this effect, since no good correlations could even be achieved for the two classical
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limiting loading orientations. In fact, in contrast to Zr, the curves from profuse twinning
and nominal twinning do not saturate at the same level in Mg, and this could not be
captured by any simulation with Hall-Petch terms. On the other hand, the Hall-Petch
effect accounted for by a sort of slip-twin latent hardening in the Voce type hardening
model was not able to inﬂect the simulated curves with loading at an obtuse angle from
ED.
A second misunderstanding comes from disregarding the dislocation transmutation effects upon twin incorporation El Kadiri and Oppedal [2010]. The Voce model is
unable to capture this effect, but the dislocation model Beyerlein and Tomé [2008] is.
A pragmatic factor distinctly increasing the stored dislocations in the twin over that of
the parent had an encouraging effect on modeling anisotropy in HCP metals using the
transmutation effects.
We use an extruded, rod-textured, AM30 magnesium alloy obtained by relatively
fast extrusion with high ratio at high temperature. Neutron diffraction, x-ray diffraction
(XRD) and electron backscatter diffraction (EBSD) analyses were used to measure the
deformation texture and evolution of volume fractions of twins. The VPSC code is used
for the polycrystalline plasticity simulations with the dislocation-based model and an
extended Voce hardening model.

4.3

Materials and testing
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Table 4.1

4.3.1

Chemical composition of Mg AM30 used in the extrusion process.
Al

Mn

Zn

Fe

Si

Cu

Ce

Ni

Mg

2.54

0.4

0.018

0.003

0.008

0.011

0.025

0.005

balance

Material initial state
The material is an AM30 Magnesium alloy received from Timminco in the

form of a 200 mm diameter billet extruded from a 450 mm diameter as-cast ingot.
The extrusion operated at 570 ◦ C and at a 0.3 m/s extrusion speed. The chemical
composition of the alloy is given in Table 4.1.
Samples for uniaxial mechanical testing were prepared using EDM (electrical
discharge machining) to extract right cylinders 10 mm dia. x 10 mm length. The
materials in this study were tested in the “as received” state. The tests were conducted
at room temperature and a strain rate of 0.001 s−1 . Uniaxial compression tests were
conducted to several different strain levels so that the experimental macro- and microtexture analysis could be conducted on the samples. Samples used for comparison to
numerical simulation results were not tested to failure.
Samples were prepared for testing along four different loading paths (see
Figure 4.1). Conventionally, previous investigators chose orthogonal loading paths
to maximize and minimize the effect of twinning on the mechanical behavior. In
this study, additional intermediate loading paths were desired, and were obtained
by extracting samples at intermediate orientations. Samples were prepared allowing
loading along the Extrusion Direction (ED), 30 degrees from the extrusion direction
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ED
30ED

60ED

ERD

Figure 4.1

Schematic illustration of sample orientations from billet.

(ED30), 60 degrees from the extrusion direction (ED60), and perpendicular to the
extrusion direction, i.e. extrusion radial direction (ERD).
EBSD analyses showed large elongated grains in the extrusion direction, and
small equiaxed grains preferentially located at the grain boundaries of the large elongated grains (Figures 4.2a and 4.2b). Some of the large grains, however, seemed to be
completely consumed by the equiaxed grains. The grain orientation spread reveals the
large elongated grains to be parent grains that underwent substantial deformation and
equiaxed grains that were recrystallized with an average misorientation spread less
than 1 ◦ (Figures 4.3). The parent grains show a sharp rod texture with the pole ED
 {101̄0}, while the recrystallized grains show a mixed texture between ED  〈21̄1̄0〉
and ED  {101̄0}. Here we adopted ED, ERD, and ETD as the sample basis, where ETD
is the Extrusion Tangent Direction.
The pole ED  〈21̄1̄0〉 is more predominant in the recrystallization texture as
the corresponding grains exhibit a higher tendency for primary grain growth than those
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(a)

(b)

(c)

Figure 4.2

AM30 initial state EBSD IPF maps.
Inverse pole ﬁgure maps obtained by EBSD analyses (a) on a section
normal to Extrusion Radial (ERD), and (b) on a section normal to Extrusion
Direction (ED). For the color key of these two maps, however, the texture
in (a) was rotated 90 ◦ around ERD so to coincide with sample axes in (b)
and provide the same textural visualization.

associated to the recrystallized ED  {101̄0} component (Figure 4.3). The recrystallized
portion of the grains reached 33% surface fraction as revealed in Figure 4.3.
The macrotexture information in this study was collected by x-ray diffraction
(XRD) and neutron diffraction (ND) using a Rigaku Smartlab X-Ray Diffractometer and
also by neutron diffraction using the facilities of LANSCE (Los Alamos Neutron Science)
at Los Alamos National Laboratory. Details of the LANSCE facility can be found in
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Grain Orientation Spread

Recrystallized Grains

Figure 4.3

12

Parent Grains

AM30 EBSD grain orientation spread.
Electron Backscatter Diffraction (EBSD) analyses showing a plot of grain
orientation spread versus area fraction exhibiting two peaks highlighted
with the tolerance showed with the dashed rectangles to generate Inverse
Pole Figure (IPF) maps of the corresponding grains; that is, the microstructure in Figure 4.2a is formed by ﬁne recrystallized grains as a combinations
of two poles Extrusion Direction (ED)  〈21̄1̄0〉 and ED  〈101̄0〉, and large
non-recrystallized, elongated grains showing a single sharp ED  〈101̄0〉.

Von Dreele [1997] and Wenk et al. [2003]. Texture analyses and pole ﬁgure plots of
XRD and ND were done using the popLA [Kocks et al., 1995] and pole8 [Tomé, 2008]
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11

0

AM30 initial pole ﬁgures.
{0001} and {101̄0} pole ﬁgures obtained by neutron diffraction on an
untested specimen. Z corresponds to extrusion direction; X and Y correspond to the extrusion tangent and extrusion radial directions, respectively.
A pronounced ED  {101̄0} ﬁber from the extrusion process is evident.

software from Los Alamos National Laboratory, and MTEX [Hielscher and Schaeben,
2008].

4.3.2

Mechanical testing
The mechanical tests corresponded to uniaxial compression at room tempera-

ture and at a rate of 0.001 s−1 . The intermediate loading directions (30ED and 60ED)
were performed in an effort to tests the hardening models and correlation approaches
used in the literature to ﬁt the entire yield surface domain corresponding to various
levels of twin activity. This is of great importance to metal forming modeling since real
world conditions correspond exactly to intermediate twin activities in between profuse
and nominal.
The specimens all yielded at approximately 100 MPa, but the strain hardening
behavior was markedly different. This difference is not monotonic upon angle deviation
from ED toward ERD. The ED curve is pronouncedly inﬂecting as all grains twinned.
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The ERD shows an apparent permanent decreasing hardening rate characteristic of slip
preponderance. The difference between ED and ERD is in contrast with the difference
between TTC and IPC typically encountered in compression of c-axis ﬁber textures. In
fact, for c-axis ﬁber textures, the TTC loading orientation, equivalent here to ERD, is
harder than IPC, because of the necessity of harder slip mode to accommodate deformation along the c-axis. Here, upon ERD, basal slip is the predominant deformation
mode with a nominal contribution of twinning. The deformation texture in Figure 4.4
substantiates twinning of grains having their c-axis around the normal to the ERD
(Highest Schmid factors).
After 12% plastic strain, the ERD sample develops an ellipsoidal form with the
longer axis along ETD (Figure 4.5) and the shorter axis along ED. This anisotropy
is produced by the need of a harder deformation mode to accommodate extension
along ED, while basal activity readily accommodates extension along ETD. As such,
the sample readily deforms by plane strain compression under ERD, rushing a vertical
fracture along ED. This anisotropy induced damage is as such crucial for sheet forming
to determine the limiting forming diagrams.
The 30ED sample (ﬁgure 4.6a) is clearly inﬂecting, but with less severity than
in the ED. The strain hardening rate versus stress (theta-sigma) curve (ﬁgure 4.6b)
clearly indicates the amplitude of inﬂection. Here, the twin-slip interaction led to a
nearly constant overall hardening rate starting from well below the inﬂection point.
The 60ED shows a slight inﬂection point better revealed in the theta-sigma curve.
However, Regime III took over quicker. The position of the inﬂection point in strain
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seems to be dependent upon the total twin volume fraction, which is a function of
loading orientation.
The ED sample, with profuse twinning, shows a higher saturation stress over all
other curves. The 30ED sample broke before a perceptible completion of the saturation
behavior. However, the trend indicates an overreaching saturation higher than 60ED
curve. The higher saturation stress upon twinning than upon slip was recently reported
for basal textured pure magnesium Oppedal et al. [2010]. The 30ED and 60ED stressstrain curves (ﬁgure 4.6a) shows not a quite intermediate response between ED and
ERD curves. The 60ED starts higher and tends to saturate ultimately lower than 30ED.
However, ERD seems to violate this tendency including the saturation regime. The
overlapping between curves from all loading orientations is a signature of a complex
twin-slip interaction in this rod-textured magnesium alloy.

4.4

The polycrystal plasticity model and hardening rules
For all simulations, only slip dislocations lying on the basal and prismatic planes

were assumed to provide deformation along the three close packed directions 〈a〉.
Slip deformation along non-basal directions was assumed to be only accommodated
by second order pyramidal planes along 〈c + a〉. As observed in EBSD analyses (see
next section), both {101̄2}〈101̄1̄〉 tensile and {101̄1}〈101̄2̄〉 compression twins had
to be active (Figure 4.13. A sound simulation would minimize the number of modes
necessary to acceptable reproduction of the experimental data from mechanical testing
and deformation texture.
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Figure 4.5

Optical micrograph of AM30 sample.
Optical micrograph of an extruded AM30 Mg alloy sample compressed
12% along the Extrusion Radial Direction (ERD). ED and ET are along the
vertical and horizontal axes within the plane of view, respectively. Note
than the sample extended only 1% along ED versus 19% along ET.
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AM30 uniaxial compression test results.
Results of experimental uniaxial compression tests of the four samples
showing a) true stress versus strain, and b) normalized strain hardening
rate versus stress. Stress values were normalized by σnormalized = (σ −
σ y )/μ where σ y is yield stress and μ is shear modulus.
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(a) basal 〈a〉
{0001}〈112̄0〉

Figure 4.7

Table 4.2

(b) prismatic 〈a〉 (c) pyramidal 2nd
{101̄0}〈112̄0〉
{112̄2}〈112̄3〉

(d) tension twin
{101̄2}〈101̄1〉

(e) compression
twin
{101̄1}〈101̄2〉

Deformation modes considered in the numerical simulations

Slip and Twinning Modes used in these simulations for AM30 Mg

Symbol

Mode

Crystallography

α=1
α=2
α=3
β =1
β =2

Prismatic 〈a〉
Basal 〈a〉
Pyramidal 〈c + a〉
Tensile Twin
Compression Twin

{101̄0} 13 〈1̄21̄0〉
{0001} 13 〈21̄1̄0〉
{112̄2} 13 〈1̄1̄23〉
{101̄2}〈101̄1〉
{101̄1}〈101̄2〉

S

No. of Systems

b (nm)

0.13
0.1367

3
3
6
6
6

3.21E-01
3.21E-01
6.12E-01
4.92E-02
1.09E-01

As such, from the above EBSD analyses, ﬁve deformation modes were selected
in the simulations: {0001}〈12̄10〉 (basal 〈a〉 slip), {1010}〈12̄10〉 (prismatic 〈a〉 slip),
{112̄2}〈112̄3̄〉 (second order pyramidal 〈c + a〉 slip), {101̄2}〈101̄1̄〉 tensile twins, and
{101̄1}〈101̄2̄〉 compression twins. The planes and directions of these deformation
modes are illustrated and speciﬁed in Figure 4.7 and table 4.2, respectively.
This work uses and compares two different hardening rules and twinning behaviors within the VPSC code. The VPSC code is based on the Visco-Plastic Self-Consistent
model to compute stress in grains and can incorporate hardening rules and texture
information to simulate the stress-strain behavior and deformation texture evolution
together with twinning. The code models polycrystalline aggregates using single crystal
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constitutive rules. The VPSC scheme, developed by Molinari et al. [1987] and implemented by Lebensohn and Tomé [1993], estimates the stress, σ, via micromechanics
applied to crystals. The hardening response is based on updating the critical resolved
shear stress τa following the constitutive power law that provides the shear strain rate
γ̇a in each slip mode α based on the Schmid factor mα and a constant γ̇0 reﬂecting the
macroscopic strain rate:


 mα ⊗σ n



α
sign
m
⊗σ
γ̇α = γ̇0 

 τα 

4.4.1

(4.1)

The phenomenological extended Voce hardening model
The ﬁrst hardening rule used in our simulations is the extended Voce model,

described in the original work by Lebensohn and Tomé [1993]. Agnew et al. [2001]
used the model in describing the behavior of Magnesium. In the extended Voce model,
hardening in individual grains is described by:



τ̂s = τs0 + τs1 + θ1s Γ






1 − exp −

θ0s
τs1


(4.2)

where the evolution of the CRSS for each slip system, s, are represented by phenomenological parameters reﬂecting a purely curve ﬁtting approach: τs0 , τs1 , θ0s , and θ1s . Γ is
the accumulated shear strain in each grain.
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Latent hardening effects between slip, and slip and twin systems, are incorporated by:
δτs =

dτ̂s 
dΓ

hss δγs

(4.3)

s

where hss is a matrix of latent hardening parameters. Parameters for the Voce model
simulations in this work are listed in Table 4.3.

4.4.2

The dislocation based model
The dislocation based model uses dislocation densities on different active modes

to capture hardening. This model was fully described by Beyerlein and Tomé [2008]
where the authors used clock-rolled Zirconium, another HCP metal.
The hardening rule is a temperature and strain rate dependent formulation
that assumes the effects of a dislocation forest, dislocation debris (or substructure), a
Hall-Petch effect on slip propagation based on dislocation mean free path within the
grain, and the effects of slip and Hall-Petch on twin propagation. If a denotes a slip
mode having s as a slip system, and β denotes a twin mode having t as a twin system,
both of these effects are given by the following:

ταc = τα0 + ταforest + τsub + τsHP

β

β

t
+ τslip
τct = τ0 + τHP
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(4.4)

(4.5)

The critical resolved shear stresses for the slip resistance equation take the following
forms for each of the forest, debris, and Hall-Petch effects, respectively:

ταforest = bα χμ

ταsub = ksub μb

τsHP = μHPα


α

bα
dg



ρα


ρsub log

(4.6)

1
α
b ρsub



for s ∈ α without twins

(4.7)

(4.8)

Here, b is the Burgers vector, χ is the dislocation interaction coefﬁcient smaller
that unity, μ is the shear modulus, and d is the spacing between twin lamellae.
Dislocation density evolution is modeled by:

∂ ρα
∂γ

α

=

∂ ρgeneration
∂γ

α

−

∂ ρremoval
∂γ

α

= TSFk1α



ρ α − k2α (˙
 , T )ρ α

(4.9)

The parameter k1α accounts for the dislocation generation, and the strain rate
 , T ) accounts for dislocation removal. The TSF, or Twin
and temperature dependent k2α (˙
Storage Factor, is a parameter ﬁrst described by Capolungo et al. [2009] for correlations
to single crystal Magnesium work by Kelley and Hosford [1968]. Oppedal et al. [2010]
performed experiments and numerical simulations on polycrystal pure magnesium and
used it as evidence that a dislocation transmutation scheme described in El Kadiri and
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Oppedal [2010] was responsible for the rapid strain hardening observed in HCP metals
loaded to induce profuse twinning.

, T )
k2α (˙
k1α

χ bα

=



gα

1−

kT
Dα (bα )3


log

˙



˙0

(4.10)

Here D is termed as the drag stress, and g is the activation energy in an
Arrhenius type rule for the strain rate dependence. The two critical resolved shear
stresses for resistance to twin propagation relate to the Hall-Petch effect and slip and
take the following forms, respectively:

τHt P

H Pβ
=  with no twins or when t ∈ β
dg
and t is the predominant twin system (PTS) (4.11)

H P ββ
t
=  s when t ∈ β and t is not the PTS, with PTS ∈ β
τHP
dmfp
β

τslip = μ



C βα bβ bα ρ α

(4.12)

(4.13)

α

In these equations, the Hall Petch (HP) terms are used to simulate the hardening
response caused by grain segmentation as the twin grows. However, the experimental
evidence for this Hall Petch type effect, especially for twin boundaries is not substantiated. In theses simulations, the HP terms are set equal to zero.
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In addition slip could affect twinning through the following equation:

β

τslip = μ



C βα bβ bα ρ α

(4.14)

α

The C βα term represents the interaction between twin and slip and may be
negative or positive depending on whether slip interferes with or contributes to twin
growth. In simulation work presented here, we did not consider these two barriers
for twin propagation for reasons that will be developed further in this chapter. The
parameters related to the generation of debris (Aα and q), were also not needed in
these simulations and were set to zero.
The slip and twinning modes used in the simulations are found in Table 4.2.
The dislocation based model parameters with best ﬁts are listed in Tables 4.4 and 4.5.

4.5

Results of simulations
In general, correlating the model parameters was conducted by an iterative

process with the stress-strain behavior. The ﬁtting process was only applied to the
Extrusion Direction (ED) and Extrusion Radial Direction (ERD) experimental data.
The experimental stress-strain behavior of the intermediate texture samples were only
compared to numerical simulations after the initial ﬁtting to the ED and ERD samples
were concluded. The results of the texture evolution and strain hardening rate versus
stress plots were not considered until the model correlation was completed. Hence, the
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correlations of the texture and strain rate hardening behavior and stress strain behavior
of the intermediate texture samples were actual predictions.

4.5.1

Voce based model
In this study, we preferred a physical approach for determining the latent

hardening parameters. We in fact forced “reasonable” latent hardening values from the
literature Agnew et al. [2001] rather than unconstraining them for ﬁtting purposes. In
this study, we used latent hardening values of 1 between the different slip systems, and
1.4 between the slip system and the tensile twin. Values substantially higher than these
cannot be substantiated physically. The strategy of large latent hardening parameters
frequently encountered in the literature to cause a rapid hardening response Proust
et al. [2009] was avoided.
The VPSC model with the Voce hardening rule has been used by other researchers studying Magnesium. Only few studies have used the compressive twins as an
active deformation mode in the crystal plasticity simulations. Our EBSD analyses reveal
profuse nucleation of double twinning but with extremely slow edgewise growth.
The initial simulated values of CRSS are in agreement with those found in the
literature for wrought magnesium alloys. In fact, our simulated initial strengths for
basal: prismatic: pyramidal: tensile twinning were 23: 95: 111: 67 MPa, or as ratios to
the easy basal slip, 1: 4.1: 4.8: 2.9. Agnew et al. [2001] investigating an AZ31 alloy
with c-axis ﬁber found initial strength ratios reported to the basal slip of pyramidal and
tensile twinning to be 3 and 0.5. Proust et al. [2009] investigating AZ31B and using a
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Table 4.3

Voce parameters used in simulations

Mode

τ0

τ1

θ0

θ1

hss
Prism.

hss
Basal

hss
Pyr.

hss
T. Twin

hss
C. Twin

Prismatic
Basal
Pyramidal
Tensile Twin
Compression Twin

95
23
111
67
315

7
51
914
0
0

462
683
3661
0
0

0
0
0
0
0

1
1
1
1.4
0

1
1
1
1.4
1

1
1
1
1.4
1

1
1
1
1
0

0
0
0
0
1

“composite grain” variant of the twin model reported values of ratios corresponding to
prismatic: pyramidal: tensile twin to be 2.9: 5.2: 2.65.
The ﬁt with the Voce hardening rule to the ED and ERD behaviors is satisfactory.
The initial yields for the four loading orientations were all satisfactorily predicted. The
hardening rate and overall response were satisfactorily captured for both ED and ERD.
However, 30ED and 60ED behaviors were substantially mispredicted. 30ED prediction
was the furthest from the test data since the simulated hardening rate in Regime II was
of opposite sign to the measured one. It is clear that the current formulation of the Voce
model does not incorporate yet a realistic understanding of twin-slip interaction. In
fact, an only variation of the Schmid Factor for active deformation modes was sufﬁcient
to cause a substantial discrepancy in the prediction of anisotropy. This is atypical to
the nature of the crystal plasticity framework. Therefore, it is imprudent to correlate
hardening models based only on the two limiting cases of twinning contribution to
deformation; intermediate contributions have to be tested as well.
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Voce hardening rule simulation results.
Stress- strain ((a) and( b)) and strain hardening rate versus stress curves
((c) and (d)) for simulations using VPSC with the Voce hardening rule. In
the strain hardening rate versus stress plots, stress values were normalized
by σnormalized = (σ −σ y )/μ where σ y is yield stress and μ is shear modulus.

4.5.2

Dislocation based model
Oppedal et al. [2010] used the dislocation based rule to model the behavior of

pure Magnesium with c-axis ﬁber. The corresponding initial slip resistances were found
to be scalable to the ones simulated for AM30 in this study, although with a 〈101̄0〉 
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ED ﬁber. For each of basal, prismatic, and pyramidal modes, the values producing good
correlations for AM30 were 23: 95: 111 MPa (or 1: 4.1: 4.8) compared to 11: 30: 50
MPa (or 1: 3: 4.5) for pure Magnesium. For tensile and compression twins in AM30,
τc r i t and τ pr op were 67 and 25 MPa, and 275 and 275 MPa, respectively, compared to
15 and 10 MPa, and 185 and 185 MPa, respectively for pure Magnesium. As a ratio to
basal slip, tensile twinning had a higher initial resistance in AM30. i.e 2.91 than in pure
Mg i.e., 1.4. This reﬂects the higher sensitivity to the alloying elements of twinning
compared to slip.
In the case of the dislocation density model, reference must be made to the
strain hardening rate versus stress plots. Figure 4.20 shows the result of varying the
twin storage factor (TSF). It was not possible to correlate simultaneously ED and ERD
stress strain behaviors unless a TSF of three was used. The effect of the TSF on the
stress strain behavior is illustrated in ﬁgures 4.20 and 4.21. Not only under ED was
the saturation stress substantially underestimated with TSF=1, but under ERD as well.
This is due to nominal tensile twinning under ERD not possible to prohibit under any
other loading. This is in variance to the in the c-axis ﬁber where compression along the
ﬁber completely prohibits tensile twinning.
In contrast to the Voce model, the dislocation density based model with the TSF
was able to reproduce the mechanical responses under 30ED and 60ED when the ﬁt
was done based on ED and ERD behaviors. The robustness of this model is offered by
the TSF strategy that hypothesized that the twin hardens more importantly than parent.
This hypothesis is of striking consistency with the progressive decrease in the severity
102

Table 4.4

Dislocation density hardening rule parameters for slip

k1 1/m
ε̇0 s−1
gα
α
D0 MPa
Aα
τα0 MPa
χ
q
HPα
HPαβ

Prismatic (α = 1)

Basal (α = 2)

Pyramidal (α = 3)

1.00E+09
1.00E+07
0.0035
3.40E+03
0
95
0.9
0
0
0

0.60E+09
1.00E+07
0.0035
10.0E+03
0
23
0.9
0
0
0

2.00E+09
1.00E+07
0.003
0.08E+03
0
111
0.9
0
0
0

of the hardening slope when the loading direction is progressively being deviated from
ED toward ERD, i.e., with the progressive decrease of twinning contribution to the
overall deformation.
Figure 4.9 show comparisons of the VPSC model with the dislocation based
hardening rule and experimental texture data for ED and ERD, respectively. A slight
overestimation of texture spread around ED under ED loading is noted. This could be
attributed to double twinning that affects tensile twinning which may sharpen more
importantly the texture. Double twinning of tensile twinning was not considered in
these simulations.

4.6

Deformation texture upon profuse twinning (ED)
Figures 4.10, 4.11, 4.12, and 4.13 show IPF maps, image quality (IQ) maps,

neutron diffraction pole ﬁgures for four level of deformation: 3%, 5.8%, 9% and 12%
(rupture), respectively. The general common feature between these IPF maps is the
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Table 4.5

Dislocation hardening rule parameters for twinning

Parameters / Modes
β

τ0 MPa
HP
C β1
C β2
C β3
Twin Storage Factor

Tensile Twin (β = 1)

Compression Twin (β = 2)

τc r i t = 67, τ pr op = 25
0
0
0
0
1, 3

τc r i t = 275, τ pr op = 275
0
0
0
0
1, 3

substantial growth of {101̄2}〈101̄1̄〉 tensile twin with an exclusive predominance of
a unique twin system in each grain. As twinning increases upon deformation, the
rod-texture develops a strong basal pole until the entire texture is rotated to become a
c-axis ﬁber.
At 3% plastic strain (Figure 4.10), the twin volume fraction has already reached
approximately 33%. The twins are thin lamellae primarily affecting the parent grain
with minimal invasion within recrystallized grains. Most of the lamellae in the parent
grains have comparable thickness, in the range of 25 μm, which depends on the parent
grain size. When affected by twins, a recrystallized grain of an average diameter of
30 μm develops a twin having 3 μm in thickness. All twins cross the entire grain
unless the twin is fragmented into very thin platelets. There is an almost systemic
transmission of the twin when the twin edge hits another parent grain Proust et al.
[2007] otherwise the twin is stopped at the boundary of a recrystallized grain. A twin
lamella curves from one edge to the other as a consequence of the initial misorientation
spread within the parent grain. A typical number fraction per parent grain is 200
/mm2 which is characteristic of a steady state growth within Regime I. However, any
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possible Hall-Petch hardening due to twin boundaries would be the highest at this level
of deformation, namely 3%, and should decrease thereupon. This is in marked contrast
with the test data in regime II recording a continuous increase in the hardening rate till
inﬂection at 7% true plastic strain.
At 5.8% of plastic strain (Figure 4.11), the average volume fraction of twins
reached 72%, leaving the parent grains as very thin lamellae conﬁned between large
coalesced twins. As such, the sample deformation should be mostly accommodated
by slip deformation of the twins. The recrystallized grains have undergone important
twinning, but still represent the major untwinned portion of the material.
By 9% of plastic strain (Figure 4.12), the parent grains have practically entirely
twinned, and the twinned regions form a continuous matrix, which is occasionally
interrupted by ﬁne untwinned recrystallized grains.
The IQ maps highlight an important point between the IPF maps of 3% and
5.8%. The polished sample surface after 5.8% plastic strain shows that the twins are
swelling with respect to the parent, indicating that twinned regions are harder than
the parent grains (Figure 4.11). As such, the twins have higher Conﬁdence Index (CI)
than the parent. This situation is reversed at 3% plastic strain. The parent is swelling
with respect to the twin as a consequence of harder matrix of the parent than that of
the twin. This phenomenon substantiates that dislocation transmutation discriminately
induced a hardening increase in the twins.
At 12% of plastic deformation, the recrystallized grains are mostly twinned. The
volume fraction of twins reached 98%, and the texture became mostly a c-axis ﬁber
105

texture. However, Figures 4.14 and 4.16 evidence that part of the deviation from the
c-axis ﬁber texture is due to the {101̄1}–{101̄2} double twinning. This double twinning
was mainly identiﬁed by its typical 38 ◦ misorientation with respect to the [21̄1̄0] axis
common to the twin and the matrix.

4.7

Discussion
Figures 4.18 and 4.19 indicate that the basal slip was substantial along all

loading orientations. However, twinning contribution to accommodating strain predominates along ED and was of almost equal extent to basal along 30ED at 3% plastic strain
(Figures 4.18a–4.19b). Along 60ED and ERD, at the income of basal slip, twinning
contribution markedly decreased, but did not vanish (Figures 4.19c–4.19d). Actually,
the twinning activity saturated at approximately 30% under ERD which is the most
prohibitive loading orientation for twinning for the rod-texture. This explains the
almost unavoidable but mitigating stress-strain curve inﬂection under all orientations.
In the following section, we analyze the behavior along ED and ERD.

4.7.1

Behavior under the Extrusion Direction (ED)
From ﬁgures 4.18a–4.18b four subsequent regimes of deformation mode ac-

tivities for compression along the ED direction could be distinguished. In the strain
range below 3% plastic strain, basal slip activity is decreasing while twinning activity is
increasing up to a maximum relative activity of approximately 65%. This stage corresponded to a deformation mostly accommodated by twinning before twin coalescence
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Dislocation based hardening rule simulation results.
Stress- strain curves of the (a) extrusion and extrusion radial direction and
(b) 30 degrees and 60 degrees from the extrusion direction, and strain
hardening rate versus stress curves for the (c) extrusion and extrusion
radial direction and (d) 30 degrees and 60 degrees from the extrusion
direction for simulations using the dislocation density hardening rule. The
simulations used the parameters in Tables 4.4 and 4.5, with twin storage
factor equal to 3. In the strain hardening rate versus stress plots, stress
values were normalized by σnormalized = (σ−σ y )/μ where σ y is yield stress
and μ is shear modulus.
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Texture analyses of sample compressed on extrusion direction 3.6%.
Texture analyses using x-ray (XRD) and Electron Backscatter Diffraction
(EBSD) of a sample compressed to 3.6% plastic strain along the extrusion
direction showing (a) an EBSD IPF map, (b) an EBSD image quality
(IQ) map, and {0002} and {101̄0} pole ﬁgures obtained by (c) XRD, and
(d) VPSC simulations using the dislocation model. Note the important
amount of twin lamella affecting the parent grains (in blue), which
results in an important ED  {0002} pole. The black regions in the IQ
map correspond to non-indexed secondary phase particles.
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Texture analyses of sample compressed on extrusion direction 5.8%.
Texture analyses using x-ray (XRD) and Electron Backscatter Diffraction
(EBSD) of a sample compressed to 5.8% plastic strain along the extrusion
direction showing (a) an EBSD IPF map, (b) an EBSD image quality (IQ)
map, and {0002} and {101̄0} pole ﬁgures obtained by (c) XRD, and (d)
VPSC simulations using the dislocation model. Note that twinning has
already started invading the recrystallized grains after invading most of
each parent grain volume leaving only extremely ﬁne parent platelets.
The ED  {0002} pole has become substantially sharper.
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Texture analyses of sample compressed on extrusion direction 8.8%.
Texture analyses using x-ray (XRD) and Electron Backscatter Diffraction
(EBSD) of a sample compressed to 8.8% plastic strain along the extrusion
direction showing (a) an EBSD IPF map, (b) an EBSD image quality (IQ)
map, and {0002} and {101̄0} pole ﬁgures obtained by (c) XRD, and (d)
VPSC simulations using the dislocation model. Note that twinning has
consumed the entire parent structure and most of recrystallized grains.
The ED  {0002} pole has become substantially sharper, but other weaker
started to develop as a result of compression twins affecting the tensile
twins.
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Texture analyses of sample compressed on extrusion direction 12%.
Texture analyses using x-ray (XRD) and Electron Backscatter Diffraction
(EBSD) of a sample compressed to 12% plastic strain along the extrusion
direction showing (a) an EBSD IPF map, (b) an EBSD image quality (IQ)
map, and {0002} and {101̄0} pole ﬁgures obtained by (c) XRD, and (d)
VPSC simulations using the dislocation model. Note that twinning has
consumed the entire parent structure and nearly all of the recrystallized
grains. Nearly all grains reoriented toward the ED  {0002} become
except of a more growing compression twins that accelerated the fracture
of the sample.
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began [Jiang et al., 2007, Proust et al., 2009].The rapid onset of lengthwise thickening
of the twins nearly led to a plateau characteristic of Regime I. In the plastic strain range
between 3% and 7%, the activity of extension twinning markedly decreased. This corresponds to a mixed stage of twin growth and coalescence where the twinned lamellae
grew larger than their relative aspect ratio and merged into each other. The matrix is
mostly twinned. Therefore, at least the upper-half of Regime II should be characterized
by slip dominance within the twins. This can be veriﬁed by the dominance of slip over
twinning, which started well before 6% plastic strain.
With slip predominant, Regime II exhibits a substantial and peculiar increase in
the hardening rate. When the strain exceeded approximately 7.5%, slip activity exhibits
the usual decrease in the hardening rate. The transition was marked by a remarkable
inﬂection into Regime III. A sudden rupture occurred at 12% plastic strain correlated to
sudden profuse nucleation of double twinning in tensile twinned matrix (Figure 4.13).
EBSD analyses revealed that both parent and recrystallized grains exhibited
segmentation by twinning. This grain reﬁnement seems to peak at 3.5% plastic strain.
At higher strains, twin lamella quickly began to coalesce. At approximately 6% plastic
strain, the matrix was nearly entirely twinned as shown in Figure 4.11. The highest
grain reﬁnement by twinning at lower strains is inconsistent with a possible Hall-Petch
effect on hardening in Regime II. Regime II expanded beyond 6% plastic strain, which
was beyond twin coalescence regime. This phenomenon questions also the validity of
the classical latent hardening approach [Tomé et al., 2001] of twinning on slip used
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Texture analyses of sample compressed on extrusion direction 12%.
Texture analyses using Electron Backscatter Diffraction (EBSD) of an
Extrusion Direction (ED) sample deformed to 12% plastic strain revealing
double twinning {101̄1}–{101̄2} (DT) (a) affecting the primary {101̄2}
extension twins (PTT). The colors used here correspond to the colors of
the IPF map in Figure 4.11a. The occurrence of this double twinning is
conﬁrmed (b) by the common {12̄10} misorientation axis, and (c) by the
peak misorientation that is approximately 38 ◦ .

in hardening models implemented within the VPSC code, not just the Voce hardening
model.
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4.7.2

Behavior in the Extrusion Radial Direction (ERD)
Under compression along the ERD, basal slip is largely responsible for plastic

deformation (up to 67% relative activity at 2% strain) until material rupture took place.
However, the relative activity of extension twinning was substantial (up to 23% at 2%
strain) and reached over third of that recorded along the ED under the same strain.
The IPF map in Figure 4.15 reveals that the extension twins are actually mostly
stopped elastic twins. Residual twins occurred rarely from edge to edge in ERD, while
under ED we scarcely observed stopped elastic twins. The lenticular shape and a
wedged tip totally embedded within the parent matrix are the main characteristics
of a stopped elastic twin. Stopped elastic twinning occurs when the shape change
by the twin is accommodated in the matrix before the ﬁrst twinning dislocations
reach the grain boundary, that is, during the lengthwise thickening stage. The twin
accommodation is then achieved by slip and not by any type of dislocation-free kinking.
Elastic strain could not have accommodated the twin shear either, because the twin
would have disappeared upon stress removal, which was not the case here.
The formation of stopped elastic twins in the ERD but not in the ED in grains
although having a similar Schmid Factor to that under ED suggests an effect of grain
morphology. The stress state for a load acting normal to the elongated grain boundary
in the ERD was to induce easier/earlier nucleation of lattice slip dislocations. This
would increase the extent of twin-slip interactions during the lengthwise thickening of
a twin. The same effect could be promoted by slip dislocations that cross-slipped from
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Figure 4.15 Texture analyses of sample compressed on extrusion radial direction
5.8%.
EBSD analyses on ERD sample deformed up to 5.8% plastic strain showing (a) an IPF map exhibiting a complex network of multivariant primary
“stopped” elastic twins (PSET) neighboring other grains that accommodated strain mostly by slip. The stopped elastic twins induced secondary
extension twins in the primary extension twins (SET) at their intersection
vertices of the intersecting twins. This twinning sequence is proven by (c
- e) the common {12̄10} axis, the common {101̄2} K1 plane, and (b) the
characteristic misorientation (87 ◦ ).

neighboring grains deforming mostly by slip, which is a characteristic misorientation
situation encountered in a rod-texture loaded in the ERD.
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In either case, the twinning dislocations ahead of the lengthening twin would
interact with the substantial lattice slip dislocations to cause a partial recombination of
the twinning dislocations ahead of the tapering boundary. Recombination of twinning
dislocations was in fact observed at the end of stopped elastic twins either at the edge
of a single crystal or at the terminating grain boundary [Hull, 1961]. Here dislocation
interactions occur before the twin reaches the other side of the grain boundary.
This situation is similar to that of the emissary dislocation mechanism suggested
by Sleeswyk [1962b]. Emissary dislocations, however, form as a homogeneous dissociation in every third twinning disconnection, so they are energetically unfavored.
Furthermore, the dissociation suggested by Sleeswyk is appropriate for Body Centered
Cubic (BCC) structures where the twin composition plane is an actual slip plane of
the structure. That is, the emissary dislocations move away from the twin along K1 to
the parent lattice. However, it is interesting to see that a recombination of twinning
dislocations whether promoted or not by other slip dislocations could result in a zero
net Burgers vector of the twin boundary even if the parent structure is converted into
the twin structure. Activation of dislocation sources within the grain ahead of the
lengthening tapering boundary of the twin is unlikely here, since the same effect would
have occurred in the ED.
Another phenomenon from the IPF map of Figure 4.15 is the systemic formation
of multivariant twins not encountered in the ED. The onset of multivariant twinning
could have expanded to 6% plastic strain as observed in the load drops in hardeningstress curve of Figure 4.6b. The most common multivariant twinning identiﬁed by
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EBSD corresponded to 7 ◦ misorientation relationship between the two twin variants,
and these twins were again mostly stopped elastic twins. The multivariant twinning in
the ERD not exhibited in the ED although in grains with similar Schmid factor could
also be explained by the normal stresses acting in the elongated grains. In fact, as
tacitly implied by the schematic of Abbaschian and Reed-Hill [1991] for necessary
accommodating kinks, a high number of surface tilts would be geometrically needed to
accommodate strain in an elongated grain than in an equiaxed grain when the stress is
acting normal to its main axis. This mandates a higher number fraction of twins and as
such multivariant twinning.
An important outcome from the network of intersecting twins is the twin-twin
interactions. Further growth of the incoming twin impinging another twin requires
accommodation of the incident shear to propagate in the obstacle twin. Generally, it
was observed that only a fraction of the incident shear could be transmitted to the
obstacle twin so propagation of the incident twin is rendered difﬁcult [Rémy, 1981].
An important conclusion by Mahajan and Chin [1973b] is that the accommodation
of the incident shear by slip in the obstacle twin is much more unlikely to occur than
secondary twinning. This is consistent with the occurrence of secondary twinning
highlighted in the IPF maps of Figure 4.13; only impinging twins with secondary twins
at the intersection vertices could noticeably grow by edgewise thickening.
Therefore, the limited growth of twins in the ERD was due to a combined effect
of twin-twin interactions and multivariant twinning leading to stopped elastic twins.
These mechanisms are beyond the capabilities of the twinning model in the VPSC using
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a Voce type law. As such, there was a systemic overestimation of twin activity in the
ERD.
This overestimation of twinning activity explains the absence of Regime II in
the experimental ERD stress-strain behavior, which underlies a non-Schmid effect
of twinning. This could be rationalized by a dislocation transmutation effect on
Regime II put forward by El Kadiri and Oppedal [2010]. The limited extent of twin
growth would dramatically mitigate transmutation of parent dislocations upon their
incorporation in the twins, since the twin boundaries can only sweep a limited volume
of the parent. As such, a competition takes place between hardening by transmutationinduced latent hardening and softening due to stoppage of twins. That is, the ERD
stress-strain behavior is not purely parabolic but shows a tendency of adopting a linear
trend with load drops due to the onset of multivariant twinning before a regime of
slip predominance that could take place. The overestimation of twinning caused a
substantial misprediction of the ERD hardening-stress curve. As such, although the
stress-strain curve seems to be well predicted, none of the stages along ERD were
satisfactorily predicted in the rate form.
According to the Hall-Petch effect, the network of multivariant stopped elastic
twins should have greatly contributed to induce a Regime II hardening rate in the ERD
with probably a similar magnitude as that in the ED. In fact, segmentation in the ERD
was ﬁner since growth was limited when compared to that recorded in the ED, and
the opposite would be expected if the Hall-Petch effect were in operation. This would
induce the twin boundaries to act as more effective barriers thus increasing the ERD
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hardening rate. However, there was no type of Regime II in the ERD, and as such a
Hall-Petch effect cannot operate by twin segmentation unless the twin boundaries lose
coherency with the matrix.
The competition between extension twinning and their impediment by twin-twin
interaction and stopped elastic twinning is consistent with the kink observed in the ERD
hardening-stress curve at 2.5%. This kink is more marked in the 60ED hardening-stress
curve.
The appearance of stopped elastic twins, their limited growth, and their induced
twin-twin interaction could explain the overlapping of the stress-strain curves when the
loading orientation deviates from ED toward ERD. The stopped elastic twins could also
explain the non-monotonic mitigation of the inﬂection point which is more striking
between ED and 30ED.
Figure 4.16 reveals profuse {101̄1}–{101̄2} double twinning. It is important
to note that double twinning occurred at a considerably lower stress in the ERD than
in the ED, which indicates a non-Schmid effect correlated to double twinning. This
observation reveals the sensitivity of double twinning to the type and structure of prior
dislocations. This is not accounted for in the present formulation of the hardening law
in the VPSC code.
If the double twinning affects the elastic stopped twins, then Regime II hardening
would be reduced according to the mechanism of preferential latent hardening in the
twin by dislocation transmutation. In fact, the {101̄1} contraction twins, a component

119

Misorientation Angle (°)

90

60

30

0

0

5

10

15

20

25

30

Distance (Pm)

(a) IPF Map

(b) Misorientation Plot

DT
ED

ED

DT

(c) {0001}

(d) {101̄2}

Figure 4.16 Texture analyses of sample compressed on extrusion radial direction 12%.
EBSD analyses on an ERD sample deformed up to 12% plastic strain showing (a) an IPF map exhibiting profuse {101̄1}–{101̄2} double twinning
(DT). The double twinning sequence is identiﬁed by (b) the characteristic
misorientation (38 ◦ ) around (c) the common {12̄10} axis. The rotation
of the c-axis by double twinning is shown in the {0001} pole ﬁgure of
(c).

of the double twins, are known to have signiﬁcantly smaller growth rates compared to
extension twins due to their relatively high characteristic shear [Yoo, 1981].
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4.7.3

Link to Continuum level modeling
Figure 4.22 shows the yield surface shape changes as the deformation proceeded

for the extrusion (Figure 4.22a) and extrusion radial (Figure 4.22b) directions. One can
note that the yield surface center shifted indicating some kinematic hardening and an
expected Bauschinger effect up to approximately 10% strain, when the stress saturated.
One can also note the expansion of the yield surface as the deformation proceeded
indicating isotropic hardening up to that point. Finally, one could also note that the
shape changed as a function of deformation indicating that the deformation-induced
anisotropy from texture changed as well up to 10% strain. If one were to correlate
the dislocation and slip activity from Figure 4.18 and4.19 with these yield surfaces in
Figure 4.22 can assert that the tensile twinning activity affected the anisotropy from
texture and kinematic hardening up 10% strain and the isotropic hardening up that
stain level for that matter. After 10% strain, slight isotropic hardening appeared to
occur.

4.8

Conclusions
The simulations are consistent with the idea of an increased hardening in the

twin during profuse twinning caused by the dislocation transmutation idea put forward
by El Kadiri and Oppedal [2010].
In the simulations using the dislocation density hardening model, it was not
possible to achieve a good model correlation to the experimental data without using
a twin storage factor of three. This also gave the desirable effect of correlating fairly
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Pole ﬁgures from samples deformed on extrusion radial direction.
Comparison of {0001} and {101̄0} pole ﬁgures of texture obtained by
neutron diffraction on samples deformed by uniaxial compression on the
extrusion radial direction and predicted by simulations at strain levels of
1, 5, and 11% plastic strain. Z corresponds to extrusion direction; X and
Y correspond to extrusion radial directions.

well the strain hardening rate versus stress behavior as well. With a twin storage
factor of three, the simulations could reach the proper saturation stress levels that the
experimental test data showed. The simulations also predicted well the experimentally
observed stress-strain and texture behavior without utilizing a Hall-Petch type effect
that has been attributed to the grain reﬁnement by twinning. Also, the Hall Petch
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Relative activity of slip and twinning in ED and ERD simulations.
Simulation results for the VPSC model using the dislocation density
hardening rule with the twin storage factor equal to three showing the
relative activities of slip and twinning within the parent and the twin for
(a-b) Extrusion Direction compression (ED) and (c-d) Extrusion Radial
Direction (ERD), respectively.

effect for magnesium twin boundaries has been experimentally observed to be quite
low [Cáceres et al., 2008].
The use of the VPSC simulations with the dislocation density based hardening
rule allowed a coupling between slip, twinning, texture, and stress state behavior
analysis that has not fully explained by the use of empirical latent hardening parameters
such as used in the Voce hardening models. Furthermore, the quantiﬁcation of the slip
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Relative activity of slip and twinning in 30ED and 60ED simulations.
Simulation results for the VPSC model using the dislocation density
hardening rule with the twin storage factor equal to three showing the
relative activities of slip and twinning within the parent and the twin for
(a-b) Extrusion Direction 30 degree (30ED),(c-d) Extrusion Direction 60
degree (60ED).

activity, twin activity, texture evolution, and hardening as a function of strain allows for
macroscale internal state variable.
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Effect of twin storage factor on strain hardening rate versus stress.
Results of VPSC simulations using dislocation density hardening rule
and experimental results, plotting strain hardening rate versus stress, for
two different values of twin storage factor. The storage factor equal to
three provides results signiﬁcantly closer to the experimentally observed
results.
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CHAPTER 5
SUMMARY AND FUTURE WORK

5.1

Summary
A mesoscale crystal plasticity model was used and modiﬁed to simultaneously

predict, with the same parameters, the mechanical behavior, twin volume fraction
evolution and texture evolution in basal textured pure Magnesium and rod textured
AM30 Magnesium alloy loaded in multiple load paths to induce profuse twinning. The
simulation results are consistent with experimentally observed behavior. Modiﬁcations
to the model included consideration of a mechanism to date that was neglected in
other mesoscale simulations, that of dislocation transmutation, which was caused by
the shearing action of the twin boundary as it grows, on the population of dislocations
in a parent grain.
Broad discussion of the development of this idea as theory and its mechanism
was developed in Chapter II. Fundamental, theoretical research in twinning as early
as the 1950’s and 1960’s described the shearing action on dislocations and the effect
upon dislocations in the parent grain as a twin boundary incorporated them into the
twin. Recent work has shown experimental evidence of this in FCC crystals, and
speculation of the mechanism in HCP crystals, but no researchers incorporated this
notion into numerical simulations. The concept of source of dislocations caused by the
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plastic accommodation of the twin as it grows in the matrix has also been observed
and discussed in the literature but has not been incorporated into simulations. The
importance of the twin accommodation effect, and source of dislocations from it, is
that during deformation by profuse twinning, the conventional wisdom is that it occurs
in the twinning process without evolution of dislocations such as caused by plastic
slip deformation. These dislocations caused by the accommodation effect can later be
incorporated by the twin as the twin grows thus contributing to the hardening response.

Table 5.1

Summary of testing for pure magnesium
Loading

Type of Experiment

Purpose

IP and TT compression
IP and TT compression
IP compression

Stress-Strain
Texture
Twin volume fraction

Calibration
Validation
Validation

In Chapter III, observations of the mechanical behavior, twin evolution and
texture evolution were made on basal textured, pure magnesium along with numerical
simulations that used an empirical factor, the Twin Storage Factor, to incorporate the
effect of dislocation transformations. In simulations that used a factor equal to one, i.e.
the twin is same as the parent, it was observed that the saturation stress levels of loading
that induced and did not induce profuse twinning were nearly identical, contradictory
to the experimentally observed behavior. With twin storage factors equal to two and
three, the mechanical stress-strain behavior, strain hardening rate versus stress curve,
texture evolution, and twin volume fraction evolution in numerical simulations were all
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predicted accurately compared to the experimentally observed behavior. Observations
made using EBSD conﬁrmed the existence of multivariant and multi-fold twinning that
have not been incorporated into numerical simulations.

Table 5.2

Summary of testing for AM30 magnesium
Loading

Type of Experiment

Purpose

ED and ERD compression
ED30 and ED60 compression
ED, ERD, ED30 and ED60 compression

Stress-Strain
Stress-Strain
Texture

Calibration
Validation
Validation

In Chapter IV, a rod textured AM30 Magnesium alloy was examined. Conventionally, polycrystal studies of HCP materials that undergo loading induced twinning
are studied in orthogonal loading conﬁgurations that maximize twinning or minimize
twinning behavior. Simulations and experimental observations of material at intermediate texture conﬁgurations reveal limitations of a twinning induced hardening response.
Using the dislocation transformation ideas allowed a contrast of the different twin
hardening strategies.

5.2

Future Work
As materials such as magnesium are widely adopted in industrial use, their

anisotropic mechanical behavior, stemming from their HCP structure and twinning,
must be better understood and amenable to higher ﬁdelity material models. In
mesoscale simulations of twinning to date, the effect of twinning on the strain harden-
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ing response has been modeled via crystallographic reorientation, a Hall-Petch effect
caused by grain segmentation, and slip-twin interactions described by latent hardening
effects. The effect of dislocation transmutation by the twin boundary described in this
work opens new avenues of understanding and research.

5.2.1

Electron Backscatter Diffraction (EBSD) analysis of AM30 Magnesium
Mechanical testing and macrotexture and some microstructure analysis was

conducted on the AM30 Magnesium samples, along with numerical simulation results.
However,a complete EBSD and microtexture analysis was not accomplished in this work,
and could reveal mechanisms of deformation. Particular interest is in the intermediate
texture samples, and analysis of the multifold and multivariant twinning processes, and
twin accommodation effects.

5.2.2

Modiﬁcation to the code to numerically simulate the direct effect of dislocation transmutation and plastic accommodation

In this work we used an empirical “twin storage factor” in the dislocation density
evolution equations to model the effect of dislocation transmutation and their latent
hardening effect on textured materials loaded to induce profuse twinning. The results
are consistent with observed behavior and experiments, but it would be desirable to
directly numerically simulate the actual transmutation of dislocations into speciﬁc
families of new dislocations and their interaction via latent hardening effects. This can
be accomplished in modiﬁcations to the VPSC code. However, experimental work via
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Transmission Electron Microscopy and Molecular Dynamics simulations would reveal
the speciﬁc transmutation sequences.

5.2.3

Direct TEM observations of dislocation population in the twin and parent
matrix
What has been presented in this work is theory of the mechanisms, numerical

simulations, and meso/macroscale experimental work that is all consistent with explaining the strain hardening behavior of magnesium and HCP metals that deform by
profuse twinning. Using TEM observations, it should be possible to directly characterize
dislocation substructures in the parent and twin portion of the grain, and this should
conclusively prove the theory of the transmutation of dislocations. For FCC metals,
work of this kind has been completed [Basinski et al., 1997] and shown to be true. In
HCP metals, this has not been conducted but has been predicted theoretically.

5.2.4

Molecular Dynamics (MD) Simulations of Twinning
Extensive MD simulations of twinning in magnesium, focusing on twin nucle-

ation and growth, have been conducted [Serra and Bacon, 1996, Wang et al., 2009].
Simulations of twin growth mechanisms are better understood than the actual nucleation mechanism. However, the effect of the twin boundary on dislocations as it shears
the population of dislocations in a parent matrix has not been investigated. If this could
be done, it would conclusively prove the effect of dislocation transmutation.
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5.2.5

Strain Path Change experiments
In this study, the focus has been on monotonic testing of materials. The

modiﬁcations of the code and numerical simulations have been consistent with the
experimental evidence. Strain path change experiments, where the material is loaded in
one direction, and then loaded in another direction, would be a demanding test of the
numerical simulations. Experiments for these have been conducted and await analysis
of the results of simulations. The existing code, however, would be challenged to
reproduce this well, due to their relatively simplistic modeling of twinning. In addition
to the effect of dislocation transmutation described in this work, the code should be
modiﬁed be account for the effect of dislocation sources by plastic accommodation of
the twin, the effect of multiple twin variants instead of requiring that the predominant
twin system only being allowed to grow, and the effect of multifold twinning, i.e. a twin
that can itself twin one or more times. The effect of twin variants has been described
experimentally in the literature recently, and multifold twinning as well, although
mainly as a prescribed established sequence as double twinning. Modiﬁcations to
the code to allow this should be relatively straightforward and fruitful investigative
endeavors.

5.2.6

Modiﬁcation to track populations of individual slip systems
Currently, a dislocation model keeps track of a family of slip mode dislocations,

e.g. basal dislocations. However, this is limiting and is not representative of the actual
material. It is relatively straightforward to keep track of speciﬁc slip systems, e.g. the
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(0001) 13 [10 − 10] basal slip system. This would allow one to more faithfully model the
path dependent activity such as strain path change simulations as well as the kinematic
hardening (Bauschinger effect).

5.2.7

Temperature and strain rate dependent investigations
The work presented here has focused on room temperature and quasi-static

strain rate testing. The dislocation density model by Beyerlein and Tomé [2008]
includes temperature and strain rate dependent features that have not been tested. A
relatively straightforward series of tests conducted at different temperatures and strain
rates could be done to demonstrate this and is in fact being investigated in the very
near future at CAVS, including work at high strain rates on Hopkinson bars.

5.2.8

Continuum level modeling efforts
This work has focused on mesoscale modeling but has the capability to provide

useful information to continuum level modeling efforts such as yield surface evolution
and the effects of twinning on the structure-property relations. The investigation
of AZ31 Magnesium in sheet forming modeling and AM30 / AZ61 Magnesium in
extrusion process modeling will be should be augmented by characterization of a
temperature and strain rate dependent yield surface evolution. From the yield surface
evolution, estimates of isotropic / anisotropic and kinematic hardening evolution can
be estimated.
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